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ANNUAL GENEEAL MEETING. 
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President 
♦Prof. T. M*K. Hughes. 

Vice-Presidents. 
Prof. G. H. Darwin, ♦Dr Cayley, Dr Hill. 

Tredsurer, 
Mr Glazebrook. 

Secretaries, 
Dr Hobson, Mr Larmor, Mr Bateson. 

Ordinary Members of the Council. 

Dr W. H. Gaskell. 

Dr A. S. Lea. 

Mr A. Harker, St John's College. 

Mr L. R. Wilberforce. 

Mr H. F. Newall, Trinity College. 

Mr C. T. Heycock, King's College. 

Mr A. E. H. Love, St John's College. 

Mr S. F. Harmer, King's College. 
♦Dr Shore. 
♦Prof J. J. Thomson. 
♦Mr F. Darwin, Christ's College. 
♦Mr S. Buhemann, Caius College. 

The names marked with an asterisk denote a new election. 

VOL. Vin. FT. I. 1 



2 Mr Oriffiths and Mr Clark, Note on the [Oct. 31, 

The retiring President, Prof. Q. H. Darwin, addressed the 
Society upon the History of the Society during his tenure of 
oflBce. 

Sir Robert Stawell Ball, Lowndean Professor of Astronomy 
and Geometry, and Mr R. A. Sampson, M.A., St John's College, 
were elected Fellows of the Society. 

The following communications were made to the Society : 

(1) Note on the Determination of Low Tempera;tures by 
Platinum-Thermometers. By E. H. Griffiths, M.A., Assistant 
Lecturer at Sidney College, and G. M. Clark, B.A., Sidney 
College. 

In connexion with Profe. Dewar and Fleming's recent work 
on the resistance of certain metals and alloys at very low tem- 
peratures, and the suggestion that they have made — viz. that 
the resistance of certain pure metals (amongst which is plati- 
num) vanishes at absolute zero, — the following facts may be of 
interest. 

Having previously published the constants of several platinum- 
thermometers, whose accuracy has been exposed to severe tests, 
we have, by assuming the possibility of applying Callendar and 
GriflBths' method, calculated the temperature at which i2 = 
from the formulae 



^i-^o 



and 



t-pt = h 



t 

100 


• t 

100 



where JJ^, Rq are the resistances in steam under normal pressure, 
and melting ice, respectively, and R is the resistance at tem- 
perature t; the value of S for each thermometer having been 
determined by observations of the resistance in boiling sulphur 

{t = 444°-63). 

The following table gives the constants and results : — 

The actual numbers used in these calculations are those taken 
from the papers referred to in column 2. 

All the other thermometers mentioned by GriflBths (PhU. 
Trans. A. 1891, pp. 43 — 72) were made with single electrodes 
for rapid observations ; and thus every observation includes their 
stem- resistance, which evidently cannot become zero, so that the 
above investigation with their constants would be of no use. 
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Table I. 



Thermo- 
meter. 



References. 



OaUend«.s. f'^'^^itsl'^'l 



Na+b. 
Na. 
Nb. 
Ml. 



Ms. 



H. 



jPhU. Trans. A. 1891,1 
\ pp. 151, 152. i 



>» 



»» 



»i 



>» 



jPhil. Trans. A. 1891,/ 
j pp. 132-136. i 



»» 



** 



jPhil. Trans. A. 1891, i 
j p. 163. i 



Rfl. 



5-0845 

9-8558 
5-9865 
3-8749 
4-2267 
41732 
13-5216 



Ri/Rq. 



1-3460 

1-3484 
1-3482 
1-3480 
1-3381 
1-3383 
1-3463 



8. 



1-46 

1-638 

1-648 

1-639 

1-67 

1-67 

1-474 



when R=0. 



pt. 



- 289-04 

- 28703 

- 287-19 

- 287-34 

- 296-81 

- 296-68 

- 288-77 



t. 



- 274-12 

- 270-60 

- 269-60 

- 270-86 

- 27916 

- 278-97 

- 278-71 



•Mean -273-86 



The above table seems to corroborate the conchisioDS arrived 
at by Profs. Dewar and Fleming, and at the same time is a 
valuable testimony to the accuracy of the method adopted by 
Callendar and Griffiths in the papers referred to, for it did not 
appear probable that their formulae could bear the strain of ex- 
trapolating over a range of nearly 300°. This is more especially 
the case when it is remembered that the wires used have diflferent 
resistance coefficients and diflferent values for S; the origin of 
such diflFerences is probably due to slight impurities in the 
platinum. 

We have reason to believe, from some recent experiments 
conducted by us, that the rise in temperature of the wire, caused 
by the current necessary to determine its resistance, is greater 
than is usually supposed. If the diflference of potential at the 
ends of the wii-e is kept constant, the eflfect of the error thus 
introduced is to make the absolute zero too low ; if, however, 
the current is kept constant, the absolute zero works out too 
high. In the determination of the constants of thermometers N, 
a rough attempt was made to keep the current constant; but 
in the remaining thermometers no alteration was made in the 
electromotive force as the resistance of the coil, and therefore 

* Cf. with the value given by Joule and Thomson, -273°-7, Proc. Roy. Soe., 
vol, X., p. 502. 

1—2 
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of the bridge, increased. It appears probable that some of the 
discrepancies in the above table are due to this cause. 

A simple method of graduating platinum-thermometers is thus 
suggested. Assuming, as we are fully entitled to do, that the 
curve t—pt is a parabola, three points only are necessary for its 
complete determination: the points hitherto adopted have been 
0°, 100°, and 444°'5. The necessity of guarding against loss by 
radiation, gain by superheating, &c., when determining the re- 
sistance in sulphur, renders it a somewhat troublesome operation 
to those observers who are not provided with the necessary appa- 
ratus. In cases where a high order of accuracy is not a sine 
qttd non, and where the platinum is known to be fairly pure, we 
may assume that when * = — 273°"7 then iZ = : therefore, if 
R and R^ are determined by direct observations in steam (760 
miUim.) and melting ice, the instrument may be considered as 
graduated, since 

g_ - 273-7 ~;>^ 



where 



pt= 



273-7 
100 

-R. 



+ 



273-7 
100 



•B, — 5, 



xlOO. 



As an example of the order of accuracy which could be thus 
obtained, we append the following table, the first column giving 
the true temperature, the others the error introduced in graduating, 
by this method, the various thermometers previously mentioned. 

Table II. 



True 
temp. 


Callendar's. 


Na+b. 


Na. 


Nb. 


H. 


Ml. 


Mj. 


























50 


-•01 


+ •08 


+ •08 


+ •08 





-•14 


-•14 


100 























150 


+ 03 


-•25 


-•26 


-•23 





+ •44 


+ •43 



Although the above discrepancies may in some cases appear 
large, it must be remembered that we have here the whole of 
the error in each case, and that such causes of error as non- 
uniform bore, zero changes (both temporary and permanent), 
unequal graduation, changes of condition, sticking, &c. are totally 
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absent, while the experimental difficulties of the air-thermometer 
are avoided. 

It is thus evident that a platinum-thermometer, especially 
of the H pattern*, is a convenient instrument for the determi- 
nation of very low temperatures where an error of 0°-5 is im- 
material ; and the above investigation strengthens our confidence 
in the accuracy of the method adopted for the measurement, 
by platinum-thermometers, of temperatures over the range of 
- 273' to + 700°. 

[Note by E. H. G., Feb. 1893.] The constants of all the 
thermometers referred to in Table I. (with the exception of 
Gallendar's 1887 thermometer) were determined by means of 
the same resistance box, which was one of the dial pattern, 
constnicted by Messrs Elliott. Mr Glazebrook has, since the 
reading of the above communication, been so kind as to make 
a direct comparison of the coils of this box and the B. A. stand- 
ards ; and although the errors in the individual coils are small 
their cumulative effect is, for certain values of R, considerable. 

I have applied the corrections thus rendered necessary to the 
values of iZ^, R^, R^, and redetermined the consequent values 
of 5. 

The results are as follows. 

Table III. 



Thermo- 
meter. 


Bq. 


Ri/Bo. 


«. 


when 
pt. 


B=0. 


Na+b. 


9*8636 


1-3483 


1-641 


-28712 


- 270-66 


Na. 


5*9881 


1-3484 


1-645 


- 287-04 


- 270-66 


Nb. 


8-8762 


1-3481 


1-640 


- 287-83 


- 270-86 


Ml. 


4-2280 


1-3381 


1-57 


- 295-74 


- 279-08 


M,. 


41745 


1-3383 


1-57 


- 296-62 


- 278-91 


H. 


13-5300 


1-3463 


1-476 


-288-77 


- 273-73 










Mean 


- 273-96 



* A foU description of the constraotion of H will be found in the British 
Association Report on Electrical Standards, 1890, reprinted in the Electrical 
RevUta, No. 670, p. 363; and a short account on p. 153, Phil, Trans, A,, 
vol clxxxii., 1891. 
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The accuracy of the corrections is indicated by the close agree- 
ment amongst the results deduced from thermometer N, for its 
coils diflPer greatly in length and resistance. On reference to 
my 1890 note-book I find that thermometer H was made of a 
special sample of wire, which was supposed to be of greater purity 
tnan the samples previously supplied, and judging by results, it 
appears that the assumption as to its purity was justified. It 
is probable that small traces of impurities could be detected by 
an application of the above method, and I have little doubt but 
that the considerable divergence from the mean shown by those 
values of t deduced from thermometer M, are due to the presence 
in its coils of other metals than platinum. 

(2) Camofs principle and animal and vegetable life. By 
J. Parker, MA., St John's College. 

It is commonly stated that an animal has a much greater 
'efiiciency' than a Garnet's perfectly reversible engine working 
through the same range of temperature; and it is even com- 
pared to an electro-magnetic engine, though there are generally 
no sensible electric manifestations about the animal body. In 
consequence it is believed that the changes which take place 
in the animal world are not subject to the restrictions of Camot's 
principle. Hence since Camot's principle is universally applic- 
able to inanimate objects, it will follow that the laws of nature 
are not the same for living things as for the rest of the universe. 
The whole diflBculty, however, arises from an oversight, and can 
be removed with a little care. 

In order that Camot's principle should be applicable to a 
material system, two conditions are necessary : — 

(1) The system must always contain the same matter, so 
that matter must neither be allowed to enter the system nor 
leave it. 

(2) The system must gain or lose energy only in the forms 
of heat and mechanical work. The interior of the system may 
be electrified or magnetized in any way we please, but the system 
must produce no electric or magnetic eflfects on external objects, 
nor have any electric communication with them. 

If the first condition is fulfilled, but not the second, the system 
is an electro-magnetic engine. Carnot's principle is then not 
generally applicable, nor the principle of energy in its usual form 

dU=dQ'{-dW, 

The difference between an electro-magnetic and a heat engine 
is well illustrated by taking as our system two pieces, AP, BP, 
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of different metals, joined together at P. Let a feeble electric 
current enter the system at A, and after crossing the junction P, 
leave at B; and suppose that the current tends to cool the 
junction, but that by absorbing heat from external objects the 
temperature of the whole system is kept constantly equal to 0. 
Then the quantity of heat Q, absorbed by the system in any 
period, is positive ; and therefore Camot's principle is not satisfied 

in the form ^ < 0« If» however, we extend the system so that 

it includes all bodies traversed by the current, Camot's principle 
becomes applicable. 

It is now clear that an animal cannot be compared to an 
electro-magnetic engine, and that Camot's principle cannot be 
expected to apply unless we take account of the fiux of matter. 
In the case of the animal body, our system must therefore be 
chosen to contain, in addition to the living animal, a sufiicient 
quantity of air, water, food, soil, &c. ; so that, in the changes 
we wish to investigate, the system contains the same matter. 
When this is done, it will be found that Camot's principle applies. 
But even when our system is properly chosen, we cannot speak 
of the ' efficiency ' unless the cycle of operations is complete. If 
the cycle is incomplete, we must take account of the change of 
entropy; and it will be presently seen that there is something 
which may easily be mistaken for ' efficiency.' 

If, for example, a system undergoes a reversible operation, 
at the constant temperature 0, during which the energy and 
entropy change from U^ and ^^ to £^ and ^,, respectively, the 
heat given out will be equal to ^(^i — ^,), and therefore the 
work done by the system will be C^j — J7, - ^ (<^j — ^j). Here 
there is nothing which can be called 'efficiency,' if we use the 
word strictly according to the definition; but the ratio of the 
work done to the loss of energy is 

jj^jj^ , or 1 u^^u^ • 

This quantity may have any value we please. If no sensible 
amount of heat is lost or gained, it will be practically equal to 
unity ; and the work obtained from the system will be equal to 
the energy lost by it. 

Now if the same amount of energy had been lost from the 
system entirely in the form of heat, and the heat so obtained 
bad been used to work a Garnet's perfectly reversible engine 
between the temperatures ff and 6"^ the work obtained would 
have been 

(^. - U,) ^^'. or U,- U,-^^,(U, - U,). 
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This quantity, it is clear, has no connection with the former 
quantity of work, U^— U^ — O (^^ — ^.) ; and it is also clear that 

the efficiency of the Camot's engine, — 37 — , which is independent 

of ?7j — CT, , is entirely different from the miscalled * efficiency/ 

in the former case. In one case, it will be observed, the method 
of obtaining work is entirely reversible ; in the other, partly re- 
versible and partly irreversible. 

This example illustrates the well-known fact that it is more 
profitable to give corn to horses than to use it as fuel in a steam- 
engine. 

In applying Carnot's principle to the vegetable world, we 
must again choose our system so that, while under consideration, 
it neither gains nor loses matter. It must therefore contain, 
besides the living vegetation, a sufficient quantity of air, car- 
bonic acid, ammonia, water, soil, &c. Suppose now that the 
only vegetation in the system at first is a twig ; then let it grow 
into a tree ; and then let the whole tree, except a single twig, 
be destroyed by fire. Suppose also, for simplicity, that the tem- 
perature of the system is uniform and constantly equal to 6 
during the growth of the tree, and that the pressure is uniform 
and constant during the cycle. Then since water is one of the 
products of the burning of wood, the air will contain more aqueous 
vapour after the products of combustion are reduced to the 
original temperature Q than it did before the conflagration, un- 
less it was saturated before the conflagration. It will therefore 
be convenient to have the air saturated with aqueous vapour 
and at the temperature 6 before the conflagration. The com- 
plete cycle will then consist of the following operations at con- 
stant pressure, at the end of each of which the temperature 
is^:— 

(1) The twig grows into a tree at the temperature Q, 

(2) The air is then saturated with aqueous vapour. 

(3) The conflagration takes place, and the products of com- 
bustion are reduced to the original temperature 0, 

(4) The quantity of vapour in the air is made the same 
as at the beginning of the cycle. 

In the third operation, a positive quantity of heat, q say, will 
be given out, and the corresponding value of 2 ¥ may be written 

— ^, where ff > d. If the air neither gains nor loses aqueous 
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vapour during the life of the tree, operation (4) will be the re- 
verse of (2) (both being supposed reversible) ; and the quantity 

of heat absorbed and the value of 2 ^ for the two operations to- 
gether, will both be zero. Hence since the total quantity of 
heat absorbed in the complete cycle is zero, the heat absorbed 

in the first operation is 5, and the value of 2 ^ for the whole 

u 

cycle i* z "" !> I which is positive, contrary to Camot's principle. 

The solution of this difficulty appears to be found in what 
botanists call ' transpiration,' or the exhalation of aqueous vapour. 
In consequence of this process the air in which the tree grows 
gradually comes to contain more aqueous vapour. Hence more 
vapour is deposited in (4) than absorbed in (2); and therefore, 
in the two operations together, a positive quantity of heat, x say, 

is given out, and the corresponding value of 2^ is —^, where 

do < 0. If therefore, as before, q be the quantity of heat given 
out in (-3), q-\'X will be the quantity absorbed in (1), and the 

value of 2^ for the complete cycle will be 



q + x X q 

— — — or 

0, 0' 



^G-^)-*(k-^)- 



This will be negative when ^>^ z — n ?» *^^ therefore, afor- 

tiori, when ^>^— Si ?• If> for example, ^o = A^' ^^ ^^1^ 

certainly be negative if a? > 95'. Now this appears to be actually 
the case. Thus we may safely put the quantity of aqueous 
vapour transpired by an oak-tree in 24 hours at 20 litres, or 
about 4J gallons, of water [Sir J. D. Hooker's Primer of Botany], 
Hence since the latent heat of one gramme of water at the 
freezing-point is a little over 600 calories, the value of x for 
one day's growth will be roughly 12 million calories. If we 
suppose 50 growing days in a year, the value of x for 20 years 
will be about 12 thousand million calories. Again, if we take 
the heat given out in the combustion of one gramme of dry wood 
to be 3000 calories, it will require 4 million grammes, or 4000 
kilogrammes, or about 4 tons of dry wood to be burnt to evolve 
12 thousand million calories of heat. Hence since we can only 
suppose the increase of the tree to amount to a small fraction 
of 4 tons of dry wood in 20 years, q will only be a small frac- 
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tion of X, and thus Camot's principle is proved to hold for the 
cycle just described. 

It will be noticed that we have only considered the total 
quantity and not the quality (or wave length) of the radiation 
absorbed by the plant. We have merely shown that Camot s 
principle is satisfied when the plant grows by absorbing heat, 
without enquiring whether any or what conditions must be 
satisfied in order that the plant may be able to absorb heat. 
Now it is observed that a plant cannot grow when all the radia- 
tion which falls upon it is dark. Thus there is a further question 
for consideration; but at present we do not appear to possess 
sufficient data to discuss it. We shall therefore merely point 
out that the question cannot affect the validity of the preceding 
reasoning. 

It follows from what we have said that * transpiration ' is 
essential to vegetable life. In fact, a plant would be choked if 
kept in a place constantly saturated with aqueous vapour. On 
the earth the atmosphere is prevented from being constantly 
at the point of saturation by the succession of day and night : 
in other words, 'cold and heat, day and night*,* are necessary 
to vegetation. 

If a planet be placed so that no heat can reach it from ex- 
ternal sources, its temperature will generally become practically 
constant and its atmosphere saturated with vapour. On such a 
body vegetable life would be impossible ; and we may infer from 
Camot's principle that our beds of coal cannot have been pro- 
duced by the internal heat of the earth alone, but must be due to 
solar radiation. 

If we make a few assumptions, Carnot's principle easily leads 
us to some further results. Thus if we suppose the condition 
of the air to be the same in two places, and 0' will be the 

same in both. If therefore we put ^ = ^ ^ — ^ a, we may write 

Q 

X = ^— ^ A*?, where \ is the same in both cases. Consequently, 



since -^ is nearly equal to unity, we see that q practically varies 

as x{0-'0^). Next, since x depends on the difference between 
the temperature of the air and the dew-point, and therefore on 
-- 0o> we will assume that, for a given time, it varies as the 
intensity of solar radiation and — 0^ conjointly. Hence, for a 
given time, q varies as the intensity of solar radiation and (0—0^* 
conjointly. For example, Jupiter is about 52 times as far away 
from the sun as the earth, and at this distance the intensity of 

* Gen. viii. 22. 
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solar radiation is about ^th of what it is at the distance of the 
earth. 

As^ain, Jupiter rotates on his axis in about 10 hours. We 
will therefore assume that for places similarly on the two planets, 
6 — 6^ for the earth is 27 x |^, or about 65 times as great as for 
Jupiter. Thus, with the preceding assumptions, it follows that 
the want of sunshine causes vegetation, and therefore food, to 
be about 65* x 27, or about 114000 times as scanty on Jupiter 
as on the earth. With similar assumptions, it will follow that 
vegetation and food are far scarcer on the further planets, Saturn, 
Uranus and Neptune, even than on Jupiter. On such barren 
wildernesses, animal life, as we know it, could hardly exist. 

(3) Note on the Geometrical int£rpretation of the Quaternion 
Analysis, By J. Brill, M.A., St John s College. 

November 14, 1892. 
Prof. T. M^K. Hughes, President, in the Chair. 

The following were elected Fellows of the Society : 

J. Y. Buchanan, M.A., Christ's College; 
A. Hutchinson, B.A., Pembroke College. 

The President exhibited (1) a live Tarantula, (2) quartz crystals 
of unusual form. 

Mr J. J. Lister exhibited preparations showing the division of 
the nuclei in the sporangium of a species of Trichiay one of the 
Myxomycetes. The nuclei divide throughout the sporangium 
with clearly recognizable karyokinetic figures, immediately before 
the formation of the spores. 

The following communications were made: — 

(1) On the Reproduction of Orbitolites. By J. J. Lister, M.A., 
St John's College. 

Mr H. B. Brady has described specimens of Orbitolites, which 
he obtained in Fiji, showing the margin of the disc crowded with 
young shells. Mr Brady's material was worked at in the dry 
state, and it was at his suggestion that the author collected speci- 
mens preserved in spirit from the Tonga reefs. 

Examination of this material shows that large brood chambers 
are formed at the margin of the disc during the later stages of 
growth. These are at first lined with a thin layer of protoplasm. 
At a later stage the central region of the disc is found to be 
empty, and the whole of the protoplasm is massed in the brood 
chambers in the form of spores. The spores have the structure 
of the * primitive disc,' which during the early stages of growth 
of the Orbitolites occupies the centre of the shells. They are 
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liberated by absorption of the walls of the brood chambers, and 
each becomes the centre of a new disc, which is built up by 
additions of successive rings of chamberlets at the margin. 

The reproduction of Orbitolites therefore takes place by spore 
formation. 

The spore contains a single nucleus, lying in its * primordial 
chamber.' After several rings of chamberlets have been added, a 
stage is reached at which the nucleus appears to be represented 
by numbers of irrec^ular, darkly staining masses scattered through 
the protoplasm of tne central part of the disc. 

In the later stages numbers of oval nuclei are found in the 
protoplasm, often arranged in pairs, and in favourable preparations 
they may be seen to be undergoing amitotic division. 

(2) The fragmentation of the oosperm nucleus in certain ova. 
By S. J. HiCKSON, M.A., Downing College. 

In a former paper* I have described the early stages in the 
development of the Hydrocoralline Allopora. The following sen- 
tences in that paper indicate the points that I have thought 
necessary to investigate with especial care in the development of 
Distichopora. 

" I can find no trace whatsoever of any division of the proto- 
plasm in the neighbourhood of the (oosperm) nucleus and no 
evidence that would lead me to suppose that I have missed any 
stages of regular segmentation either of the nucleus or the egg 
protoplasm. 

The evidence, so far as it goes, seems to show that the oosperm 
nucleus after losing its membrana limitans simply breaks up into 
fragments and that from these fragments a number of embryonic 
nuclei are formed that wander into the blastodermic area where 
they rapidly multiply by a process of growth and simple division. 
The larger irregular lumps of nuclear substance found only in the 
earliest stages I take to be portions of the oosperm nucleus that 
have not so fragmented." 

In Allopora the ova are scattered about in the coenenchym 
and are not as a rule visible from the surface. In order to obtain 
therefore a complete series of stages an enormous number of 
sections must be made haphazard through the colony and in 
many cases an immense amount of time and trouble is rewarded 
with perfectly barren results. 

In Distichopora fortunately the element of chance is com- 
paratively speaking very small, for large clusters of ova in all 
stages of development can be seen from the surface even before 
the coenosteura is dissolved. One can proceed in this case to cut 

* Q, J, Micr, Soc, XXIX. 
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sections through a large field of ova with perfect confidence that 
most of the stages will be represented. 

Taking advantage of a large supply of ve^ well preserved 
Distichoporas that was placed in my hands by rrofessor Haddon, 
I have, during the last two years, prepared a very considerable 
number of series of sections which enable me to review the con- 
clusions I came to in my paper on AUopora. 

The ovum of Distichopora like that of AUopora is pro- 
vided with a large amount of yolk and lies in a cup-shaped 
trophodisc. In young immature ova, ova that is to say, that can 
be seen to be immature by the fact that they do not contain 
their full complement of yolk spheres, the germinal vesicle is 
spherical, provided with a well-marked limiting membrane, a 
large germinal spot and a fine network of fibrils with thickened 
nodes. 

In some ova with a fall complement of yolk spheres, the 
germinal vesicle is irregular in shape and the membrana limitans 
broken in places, so that the intra- nuclear protoplasm is perfectly 
continuous with the extra-nuclear protoplasm. 

These irregular amoeboid germinal vesicles are I believe 
caught in the act of travelling from the centre of the ovum to 
the periphery. 

The stage which is most frequently found however is one in 
which the germinal vesicle lies close to or actually on the peri- 
phery of the ovum, and many interesting varieties in the form of 
its outline may be observed. 

In the first place, a form in which the inner half is hemi- 
spherical in shape with the membrana limitans well defined, while 
the outer half is irregular and the membrana limitans not well- 
defined, is very common. 

Secondly, there is a very common form in which the membrana 
of the inner half has disappeared while that of the outer half is 
indistinct, and the germinal spot absent. 

Lastly, numerous forms that may be considered to be inter- 
mediate between these two types. 

In all of these forms well-stained specimens show a considerable 
number of very minute irregular chromosomes lying in the central 
parts of the vesicle. 

It seems probable that the discharge of the polar bodies and 
fertilisation take place while the germinal vesicle is at or near the 
periphery of the ovum, but I feel that it is impossible to assert 
with any degree of assurance that any of the structures that I 
have seen and believed to be polar bodies and male pronuclei are 
really what I have believed them to be. 

I have been unable to find in any of my preparations of these 
and other stages any trace of regular karyokinetic figures or 
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centrosomata, notwithstanding the fact that my material is ex- 
cellently well preserved. 

The next stsLge is one in which I have failed to find any trace 
of a membrana limitans to the egg nucleus: the protoplasm is, 
from the manner in which it stains, obviously being distributed 
through the outer pole of the ovum. Extremely minute granules 
deeply stained in haemotoxylin or carmine can be seen, but no 
large chromatin rods^ nor asters, nor an equatorial plate of any 
kind or description can be discovered. 

During the course of the investigation I failed to find any 
traces of karyokinetic figures in the first divisions of the oosperm 
nucleus. Thinking that perhaps this failure was due to imperfect 
methods of staining my preparations, I refrained from publishing 
my results until I had experimented with a great many different 
reagents and combinations of reagenta No new results were 
however forthcoming, and it seems to me to be possible that 
karyokinesis — in the ordinary sense of the word — does not occur 
and that the division of the oosperm nucleus is a true amitotic 
fragmentation. 

It is probable too that this is not the only instance of amitotic 
division of the oosperm nucleus. 

I should point out that neither Balfour nor any of those who 
preceded him were able to distinguish any karyokinetic figures in 
the earliest stages of the segmentation of the Elasmobranchs, 
although at a later stage he found typical spindles in the blas- 
toderm. 

More recently Kastschenko has very carefully reinvestigated 
these early stages with the help of our modem knowledge of stains 
and preservative reagents and again finds no karyokinesis. 

Kastschenko's results seem to me to be particularly interesting 
and important, because there can be no doubt that bis work was 
very carefully done, that his material was well preserved and that 
his staining methods were suitable for bringing out the karyokinetic 
figures. 

He shows very clearly that the so-called yolk nuclei do not 
arise during and in consequence of the segmentation, but before 
segmentation and probably in consequence of the repeated divisions 
of the oosperm nucleus which precedes the division of the egg. 

He further shows that regular segmentation of the egg does 
not exist in the Elasmobranchs. Only in rare cases could he 
observe the first segmentation furrow alone. In most cases 
numerous segmentation furrows appear simultaneously after 
fertilisation. 

Before segmentation occurs then there is for a very short 
a true multinucleated plasmodium, the nuclei dividing by karyo- 
kinesis. 
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But how do these nuclei originate ? "By repeated division of 
the first or oosperm nucleus" is the suggested answer to this 
question ; but it is a curious and very suggestive fact that these 
primary divisions of the oosperm nucleus have never been observed, 
and further that the chromatin bodies of the undivided oosperm 
nucleus, although it never returns to a true resting stage, are 
remarkably small and numerous. 

No karyokinetic figures have been described in the earliest 
stages of the development of birds. 

In Peripatus Novae Zealandise Miss Sheldon was unable to find 
any very definite figures in the first nuclei that were formed, 
although a large and typical spindle and spheres of attraction 
have been described in the division of the oosperm nucleus of 
Peripatus capensis. 

In Julus terrestris, according to Heathcote, the oosperm nucleus 
divides into irregular lumps of considerable size, but no true karyo- 
kinetic figures can be seen. 

In Insects we find some very conflicting evidence. 

It is true that Henking has recently described and figured 
some rather irregular karyokinetic figures in the first nuclear 
divisions of the eggs of some insects that do not apparently 
segment, but in Pieris, Pyrrochoris and Lasius he points out that 
after the division of the first equatorial plate the chromosomes 
disappear, and later — and this is the point to which I wish to call 
particular attention — the chromosomes appear again and fuse 
together to form larger bodies which exhibit an equatorial plate. 

It is noteworthy too that notwithstanding the fact that several 
observers have carefully studied the development of the blowfly 
(Musea), we have no very satisfactory account nor figure of the 
karyokinetic division of the oosperm nucleus, notwithstanding the 
fact that in later stages the karyokinetic figures are large, readily 
seen and quite typical. 

Blochman, who figures the spindles of the nuclear division to 
fonn the polar bodies and also the spindles of the later stages of 
the embryo, did not apparently observe the first division of the 
oosperm nucleus. 

He says *' Als erste Theilung des Eikemes kann man die Bilder 
wohl nicht auffassen, weil, wie ein Blick auf die spateren Figuren 
zeigt, bei Theilungen die Tochter kernplatten stets so fort weit aus 
einander nicken." 

Henking, who carefully investigated the early stages of the 
blowfly, was unable to find the first division of the oosperm nucleus. 
In his first paper he described the occurrence of free nuclear 
formation in yolk. 

It does not seem at all reasonable to suppose that nuclei are 
really formed in the substance of the egg cell from substances 
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other than those derived from pre-existing nuclei It will require 
at any rate rather much stronger evidence than we have at 
present to induce naturalists to believe in "free nuclear forma- 
tion." 

The facts that have been observed then — not only in Musca 
but also in Pieris, Pyrrochoris and Lasius by Henking, in Phry- 
ganids by Patten, and by Tichomiroff in the silkworm — can only 
be interpreted on the lines either that the first divisions of the 
oosperm nucleus are regular karyokinetic figures and have been 
missed, or that the nucleus firagments into small particles, too 
small to be recognised with any decree of certainty, which are dis- 
tributed through the substance of the ovum, and give rise to the 
so-called free-nuclei. 

It seems to me to be highly improbable that these first spindles 
could have been missed by so many careful observers if they really 
occurred ; for the spindles in the formation of the polar bodies 
and in the later stages of nuclear division are to be made out 
without much difficulty and seem to be of regular occurrence. 

Lastly, I may say that I have already described and figured the 
fragmentation of the nucleus of the fertilised ovum of Millepora, an 
ovum that does not segment, and that I failed in the case of 
Allopora, as in Distichopora, to follow the nuclear changes imme- 
diately following the fertilisation of the ovum. 

Now it will be observed that in all these cases segmentation 
of the cell substance of the egg does not occur immediately after 
fertilisation. 

In holoblastic eggs, such as Amphioxus, Echinus, Peripatus 
capensis and many others, well-marked karyokinetic figures can 
be seen on the first division of the segmentation nucleus, and also 
in those meroblastic ova in which evidence of cell formation — that 
is to say, of the drawing together of the protoplasm into blocks — 
occurs immediately after fertilisation as in Cephalopods (Vialleton), 
Anguis fragilis (Oppel), Tubularia (Tichomiroff), and others. 

In the case of Aphis there is, as Will observed, a distinct 
accumulation of the protoplasm round the nuclei, although there 
is no segmentation. 

It seems to me to be probable then that the formation of 
karyokinetic figures may be in some manner connected with the 
regular cell formation, but that in cases where cells are not imme- 
diately formed nuclei may divide amitotically. Or in other words, 
that the force, whatever it may be, that initiates cell formation 
drags the nuclei into spindle figures, etc. 

How are these views supported by other facts of histology? 
When the cells are commencing to be formed in Elasmobranch 
embryos we find spindles, and also in the formation of polar 
bodies. 
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In many cases, however, where division of the nucleus is not 
followed by division of the cell substance, we have amitotic division 
of the nuclei. 

In the spermatogenesis of many animals for example, the nuclei 
of the spermatogonia increase and multiply long before the pro- 
toplasm segregates round them to form the cell substance of the 
spermatogonia. 

In recent years we have fragmentation of the nucleus in sperma- 
togenesis described by Verson in Bombyx. 

I can find no trace of mitotic nuclear division in the sperma- 
togenesis of Alcyonium, Millepora, Distichopora and AUopora, 
although by using the same stains I can demonstrate the karyo- 
kinetic figures in the divisions of the spermatogonia of Ascaris 
where segmentation of the cell protoplasm follows division of the 
nuclei. 

Similarly Brandt was unable to find karyokinesis in the divisions 
of the nucleus to form the nuclei of the spores in certain Radio- 
laria, and Hertwig too describes a process of nuclear fragmentation 
in the formation of the nuclei of the spores of Thallassicola. 

Many examples could be riven of mitotic division of the nuclei 
of giant cells, such as we find described in the marrow of bone by 
Denys, inflammatory cells of the cornea and the spleen of the 
white mouse by Arnold. 

All of these £a>cts of histology tend to show that it is possible 
that in those ova which do not regularly segment the oosperm 
nucleus may fragment. 

I do not wish for one moment to say that it is definitely proved 
that it does fragment in any one case, for it is never safe to 
generalise upon purely negative evidence until every precaution 
has been taken to eliminate all possible sources of error. 

In this case of Distichopora for example, we cannot say that 
a karyokinetic figure does not occur in the first division of the 
oosperm nucleus until a great variety of preservative reagents have 
been experimented with ; but on the other hand, I think I have 
shown sufficient reason to justify us in hesitating to accept the view 
that seems to be only too prevalent at the present time that karyo- 
kinesis must always occur in the first nuclear divisions of the 
developing ovum. 

(3) Oynodicedsm in the Lahiatce. {Second paper,) By J. C. 
Willis, B.A., Gonville and Caius College (Frank Smart Student). 

In a paper read on May 30th, 1892*, a short preliminary ac- 
count was given of some observations and experiments upon this 
subject. These observations have been continued during the 

* Proc. Camb. Phil. 8oe. Vol. vn., Part vi., p. 349. 
VOL. VIIL FT. L 2 
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current year, but as it now seems certain that they cannot be 
completed in a satisfactory way for some years to come, it appears 
advisable to give a brief statement of some more of the results 
so far arrived at, leaving the full discussion until the conclusion 
of the research. 

The observations of 1892 have been made chiefly upon female 
plants of Origanum wlgare. From the hermaphrodite plants on 
the "Labiatae" bed in the Cambridge Botanic Gardens*, seed 
was gathered in 1890 and a bed of seedlings was planted out 
These flowered in the present year, and a number of them turned 
out female plants. Unfortunately, owing to the creeping of the 
stems upon the ground, the plants became inextricably mixed 
with one another, and it was impossible to determine from which 
original seedling any given head of flowers arose, and in conse- 
quence the exact percentage of female plants could not be deter- 
mined. Out of about 322 stalks of flowers, however, 11 were 
female. 

Though all derived from one original stock, these seedlings 
varied considerably among themselves, more especially in the 
colour of the flowers. Every gradation occurred from heads with 
deep rose coloured flowers and reddish-brown bracts, to heads 
with snow-white flowers and green bracts. The parent plants 
had pale pink flowers of the usual type. 

Six heads of female flowers, growing, all but three, at some 
distance apart, and representing four plants, so far as could be 
found, were marked, and every flower examined, throughout their 
flowering season, just as was done with the hermaphrodites in 
1891. The experiment gave a similar result. Many abnormal 
(ie. staminate) flowers appeared, but the season had apparently 
no influence. It seemed possible that the weather had some 
effect, but this could not be satisfactorily made out. 

On the hermaphrodite plants, more female flowers than inter- 
mediate forms occurred, and so also here, more hermaphrodites 
occurred than intermediate forms. The corolla a^in seemed to 
vary with the number of stamens, the hermaphrodite flowers 
being the largest and the female smallest, the flowers with 1, 2, 
or 3 stamens intermediate in size. 

Several wild female plants from Abington (Cambs.) were 
transplanted to the same bed, and observed with the rest. They 
varied in a very similar way. 

Considerable difference, in the size of the flower and in other 
points, was observed between the various female plants. The 
wild females had fairly large flowers with the aborted stamens 
represented by small dark-coloured bodies in the throat. The 
cultivated seedlings varied greatly in these points. One almost 

* I, e, table on p. 350, batch A. 
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exactly resembled the wild ones, the rest had flowers of very 
various sizes, and the rudimentary stamens were in most cases 
large and light-coloured. They also diflTered from the wild form 
in the time of opening of the stigmas. In the wild plant the 
stigmas separate shortly after the opening of the flower^ and so 
the female flower di£fers considerably in this respect from the 
veiy protandrous hermaphrodite. One of the seedling females 
resembled the wild form in this respect; the rest differed from it 
in various degrees. Their stigmas did not open until some time, 
occasionally as much as two or three days, after the opening of 
the flowers. They seemed in fact to have recently arisen from 
hermaphrodites, and to have retained, though now useless, or even 
disadvantageous, their protandry. 

These and other peculiarities, besides their gieater yield of 
abnormal flowers, led to the idea that possibly some, at any rate, 
of these female plants had sprung, not from the hermaphrodite, 
but from the female flowers, upon the parent plant. Experiments 
to test this point are now in progress. 

The variation of the numbers of flowers of each kind on one 
of these seedling females was very remarkable. Seedling B at 
the end of the first week, bore 7 abnormal flowers, out of a total 
of 42, and of these 4 were hermaphrodite. At the end of the 
third week there were 8 abnormals (no hermaphrodites) in 31, 
and at the end of the fourth week 25 abnormals (22 hermaphro- 
dites) out of only 32 flowers! Eleven of the hermaphrodites 
occurred on a lateral branch of the inflorescence, which bore no 
other flowers. [Cf the case of the hermaphrodite plants in the 
previous paper*.] 

Experiments are now being set on foot to determine the relative 
fertility of the various types of flower, normal and abnormal, and 
also to discover the type of offspring to which each gives rise, 
besides other points. 

From the observations on the hermaphrodite plants it seemed 
possible that the presence of abnormal flowers might be due 
directly to lack of nutriment, as they were most common on the 
lateral twigs of the inflorescence. Ad. attempt was made to test 
this as follows. A string was tied tightly round the main axis of 
the inflorescence, about the middle, ten days before it began 
flowering. Only one of the plants thus treated survived in a 
healthy condition, but the results obtained seemed to favour the 
view expressed above. The number of abnormal flowers above 
the string was large (17 in 137), that below was small (1 in 98). 
Further observations will be made upon this point. 

F. Mowes-f" has given instances observed by him of abnormal 

* l.c, p. 850. 

t "Ueb. Bastarde von Mentha arvensis n. M. aquatica, sowie d. sexuellen 

2—2 
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flowers in various Labiatae {Nepeta Olechoma, Thymus serpj/llum, 
and Oaleopsis Tetrahit), and points out that in nearly all the cases 
he observed, the abortion took place in a symmetrical way, Le. the 
abnormal flowers were either female, or had lost two stamens, and 
those either the two posterior or the two anterior. The observa- 
tions of 1890 — 91 on hermaphrodite plants have therefore been 
analysed carefully, and it has been found that on the whole this 
statement is correct. Out of 265 abnormal flowers, 179 had the 
abortion symmetrical. Of these, 142 were female, 26 had the 
two anterior (long) stamens missing, and 11 the two posterior 
(short). It was noticed that the long anterior stamens were more 
often aborted than the short posterior ones. 

It is hoped to publish a paper after the conclusion of these 
observations, giving fall details, and also a general discussion of 
the subject of gynodioecism, with the various theories concerning 
it that have from time to time been proposed. These will be 
tested so far as possible, in the course of the experiments now 
being carried on. 

In conclusion, the author's warmest thanks are due to Mr 
Francis Darwin, for the constant advice and assistance he has 
given throughout the work, and to Mr W. French, who kindly 
undertook some of the observations during the author's absence, 
in Sept. 1891. 

November 28, 1892. 

Prof. T. M K. Hughes, President, in the Chair. 

The following communications were made : j 

(1) On the rise in resistance of a Ccmductm* when trans- 
mitting a Current By E. H. Griffiths, M.A., Sidney College, 
and G. M. Clark, B.A., Sidney College. 

As we mentioned in a paper which we had the honour to 
read before this Society "On the Measurement of Low Tempera- 
ture," we have for a long time suspected that the heating effects 
of small currents necessary to determine a resistance are of more 
importance than is usually supposed. As these might be sufficient 
to account for the differences which have occurred in the measure- 
ment of the same resistance-coil by different observers, we have 
thought it advisable to bring before the Society a description 
of the means we adopted to overcome this difficulty when it 
presented itself to us, in an exaggerated extent, in our deter- 
mination of the mechanical equivalent of the heat developed 
by an electric current. In these experiments the heat being 

Eigenschaften hybrider u. gynodiocisoher Pflanzen." £ngler*s Botan* Jakrbueh it. 
1883, p. 189. 
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developed in a platinum wire, it must of necessity have been 
at a higher temperature than the water to which it was supplying 
heat and therefore its resistance at any time was not that at 
the temperature of the water when no current was passing, but 
something greater. 




A Wheatstone's bridge (Fig.) was constructed of which 
the arm BG contained the calorimeter coil, the corresponding 
aran BD had very nearly the same resistance as BG, but was 
formed of two large German-silver coils, one, belonging to the 
Cavendish Laboratory, was a triple-strand, containing 1400 ft. of 
single wire, the other a double strand of stouter wire containing 
480 ft. ; the mass of metal in this arm was very great, its cooling 
surface was large, and its temperature coefficient was small, so 
that the increase in resistance in this arm for currents up to 
1 ampere although it could be detected was scarcely measurable : 
since these arms BC, BD were equal, the other pair AG, AD 
were also equal, these were of the same German-silver wire as 
the two-strand coil and were each about 5 feet long, and had 
a resistance of '3 ohms. They were arranged as near together 
as possible so as to be equally influenced by air-currents, &c. 

The calorimeter coil was furnished with a pair of electrodes 
at each end, one of each pair was connected with the Clark-cell 
circuit, the other two being connected directly at B, and through 
the arm GA at G to the battery circuit in which was placed a 
rheochord K by the adjustment of which we were able to keep 
the galvanometer 0^ always at its zero, and therefore the differ- 
ence of potential at the ends of the coil could be made that 
of 1, 2, or more Clark cells. 

[As a full description of the rheochord, and of this "potential 
balance," as it may be termed, will be described in a paper upon 
which we are now engaged, we do not think it necessary to 
inflict any further detsdls on the members of this Society.] 

A preliminary rough adjustment of the bridge was made at 
A, so that the bridge was in equilibrium at some temperature 
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within the range of the thermometer {E) used in the calorimeter, 
the calorimeter was then cooled down and allowed to heat up 
until the low resistance galvanometer 0^ showed no deflection, 
the temperature beine read at the same moment. This was 
done in each case whilst the difference of potential at the ends 
of the coil was increased from 1 to 6 Clark cells : since the re- 
sistances of A D.AC bore a constant ratio, and the resistance 
BD remained unchanged, the resistance of the arm BC, the coil, 
must also be the same whenever balance is obtained, hence the 
difference in the observed temperatures gave the number of 
degrees that the wire was hotter than the water with which it 
was in contact ; or since the temperature coe£Scient of the wire 
had been determined [with £='04 volts] the results could be 
expressed in terms of increase in resistance. 

The following table gives the results of a series of observations 
taken on Sept. 20, 1892. 



No. of Clark 
Ceils 


Temperature at which bridge Is balanced 


Galcuiated 
remits 


£ 





R at »0. 


dB 


1 (-168 
Amp.) 
2 

8 

4 

5 
6 


876-8 

376-3 

360-7) 

860-2^ 

360-4) 

832-5) 

332- • 

882-lJ 

292-5) 

292-8 • 

292-3J 

240 

240-5 

177-5 

176-8 5 


21*226 
20-818 

20-100 

19080 

17-760 
16-202 


8-7790 
8-7671 

8-7468 

8-7157 

8-6771 
8-6316 


X 

a; + -0119 
a; + '0332 

x+'0688 

X + -1019 
a; + -1474 


0042 
J? + -0126 

a; + -0386 

X + -0680 

a? + -1008 
ar + -1470 



In order to find the value of x these numbers were plotted 
Mrith E.M.F. as abscissa and SB as ordinate, when they were found 
to agree with the parabola 

SjB = -0042 Ec^ = 00204 E* = 1575 C\ 

(where Ec is the E.M.F. of 1 Clark cell) within the limits of ex- 
perimental error. 

From the form of this result, it would appear that the state- 
ment 

iR^aC* 
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would probably hold good in any case, where a is a coeflScient 
dependent upon the nature of the surroundings, and thus it would 
only be necessary to determine the resistance of any coil with two 
different e.m.f/s to find the value of a and hence the limiting 
value of the resistance when C = 0. 

This is, of course, a mere suggestion and would require a 
large number of experiments to verify its truth, especially where, 
as in standard coils, the wire is almost thermally insulated by 
being embedded in thick layers of paraffin wax, whilst in our 
calorimeter coil the thermal conduction was very good, the coil 
being immersed in well-stirred water. The stirrer revolving at 
the rate of 2000 revolutions per minute. 

We hope to carry out these experiments replacing the calori- 
meter coil BC, by some paraffin-embedded coil, the Clark cell 
circuit by a high resistance shunt which would not be appreciably 
heated by the currents used and would give the means of ad- 
justing the bridge; the large German-silver coils BD could be 
replaced by a Manganin coil with zero Temperature Coefficient of 
the same resistance as BC, and the arms AC, AD by two equal 
and similar coils so chosen as to give maximum sensitiveness 
to the bridge : a tangent galvanometer in the battery circuit 
ought to give the current-strength to the required accuracy. 

(2) On the Stability of Maclaurin's Liquid Spheroid. By 
A. B. Basset, M.A., F.R.S., Trinity College. 

1. One of the most obscure passages in Thomson and Tait's 
Natwral Philosophy is the one which relates to the stability of 
Maclaurin's liquid spheroid. The authors state, without proof, 
that the spheroid becomes unstable when its excentricity exceeds 
that of the limiting Jacobian ellipsoid which coalesces with it ; 
that is when its excentricity exceeds '8127. No allusion is made 
to the feet that Riemann proved many years previously that for 
an ellipsoidai displacement, the spheroid, if composed of frictiordess 
liquid, does not become unstable until its excentricity is equal to 
'9529; and as Riemann's result is certainly correct, the natural 
inference is that the authors were unacquainted with his paper, 
or were contemplating a disturbance of a more general character. 
It appears, however, from the papers of Mr Bryan*, that Riemann's 
result gives the limiting excentricity for which the spheroid is 
stable, when the disturbance is of the most genersd possible 
character ; the statement is therefore misleading, and if Mr Bryan's 
result is correct, it is in its present form inaccurate. 

But it would seem from certain recent investigations, that the 
passage may refer to a spheroid composed of viscous liquid. There 

* Phil. Trans. 1889, p. 187; Proc. Ray. Soc., vol. XLvn. p. 367. 
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IB, however, no plain and well-defined statement that the condition 
in question is intended to apply to a viscous and not to a firiction- 
less liquid ; and from a careful perusal of the whole passage, I fail 
to discover any expressions, except one or two of a very vague kind, 
which indicate that the authors are contemplating the case of a 
viscous liquid. It is important to recollect that the conditions of 
stability of a viscous liquid depend upon totally different principles 
from those of a frictionless liquid, and I propose in the present 
paper to carefully examine this question. 

Stability of ViscoTis Figures of Equilibrium. 

2. When a mass of liquid is rotating as a rigid body about a 
fixed axis under the influence of its own attraction, it possesses 
potential energy which may be determined as follows. In the 
first place let the mass of liquid be supposed to be spherical, and 
let Wq be the work which must be done in order to remove every 
element of the liquid to infinity against the attraction of its parts ; 
in the next place let W be the corresponding work which must be 
done when the liquid has its actual form ; then if U be the poten- 
tial energy 

U=Wo-W (1). 

From this result we see that the potential energy in the sphe- 
rical form is zero, as ought to be the case, for in this form the 
liquid is incapable of doing any work. 

The total energy E is equsd to 

E=^Ia>'+U (2), 

where / is the moment of inertia, and to the angular velocity of the 
liquid about the fixed axis of rotation ; also since 

/ft) = h, 

where h is the constant angular momentum, the value of ^ may be 
written 

E = ih'II+U (3). 

The first term of E of course represents kinetic energy, but it 
may also be regarded as potential energy ; for the conditions of 
relative equilibrium will be unchanged, if the rotation is annulled 
and replaced by a repulsive force coV or AV//', acting upon every 
element. If the liquid be supposed to be distributed in the form 
of an infinitely thin annulus of indefinitely large radius, whose 
centre coincides with the axis of rotation and whose plane is 
perpendicular to it, the term ^i*/! will be indefinitely small; 
whence the value of this term in the actual state may be regarded 
as the work which must be done in order to bring the liquid from 
the annular into the actual form. 
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But although the presence of the term ^Vjl, which may 
be regarded as the potential energy due to centrifugal force, 
increases the total energy of the system, it diminishes its capacity 
to do work upon itself. For equation (3) may be written 

E=Wo-(W-WII) (4), 

and since Wo is a constant, the capacity to do work depends upon 
the last term of (4). Also if (4) be written in the form 

E=Wo + {W/^-W) (6), 

it follows that the capacity to do work will be least, when 

is a minimum. When this is the case, the system will be in stable 
equilibrium ; for if it be disturbed in any manner, its capacity to 
do work will be increased, and the system will therefore tend to 
return to its configuration of relative equilibrium, and will perform 
small oscillations about it. 

When the figure is passing through its configuration of relative 
equilibrium, the portion of the kinetic energy which depends upon 
the oscillations will be a maximum ; but if the liquid is viscous, 
this portion will gradually be transformed into heat. Hence if 
JS+SE he the energy immediately after disturbance, SE must 
gradually diminish and ultimately vanish ; and when BE has been 
entirely converted into heat, the figure will be restored to its 
originsd state before disturbance. We have, therefore, the follow- 
ing rule for determining the steady motion and stability of a mass 
of viscmis liquid which is rotating as a rigid body in relative equi- 
librium. Let the figure be displaced into a slightly different 
form, and let Wq— W he the work which must be done against 
gravitation in order to displace it from the spherical into its dis- 
turbed form; also let JA*// be the kinetic energy of a mass of 
liquid of the same form as the disturbed figure, which is supposed 
to be rotating as a rigid body with unchanged angular momentum : 
then the condition of steady motion is that ih^/I — W should be 
stationary, and the condition of stability is that this quantity 
should be a minimum. 

3. We are now in a position to give a formal proof of the 
proposition that Maclaurin's spheroid, when composed of viscous 
liquid, is unstable for an ellipsoidal displacement if the excen- 
tricity exceeds "8127. 

To do this, we must suppose that the liquid is rotating as a 
rigid body about its least axis, and that the free surface is an 
ellipsoid which differs very slightly from the spheroidal form, and 
we have to find the conditions that F should be a minimimi, where 

F=iA7/- W. 
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Now employing the notatioD of Hydrodynamics, §§ 363 — 367, 

'dK 

.. P' 
so that 

5A» 2 ., . rdX 



/ = iif(o'+6'), W = \Mirpahcf 



whence if the sutiixes denote differentiation 



y _ 5h*a MQ 

"~~Af(a"'+6')*''' 5a • 

V 5fe'fe . MR 

p, _ 5A'(3a'-y) Jf /dQ cdQ\ JfQ 
Jf (a»+ 6*)' ■*" 5a Vda a dc j 5a* ' 

p. _ 20A'a6 :M!/'^_cdQ\ 
"* M (a' + by^ 5a\db adc)' 

Now A = iJf(a* + 6')», 

and on substitution in the first two, we obtain the usual conditions 
of steady motion of a Jacobi's ellipsoid, which includes as a par- 
ticular case Maclaurin's spheroid. Accordingly when a = b, we 
have 

h* = ^M'a^'Q. 

Substituting in the last two equations, and omitting the factor 
^M, we obtain when a = b, 



^"-•^""oUa ado)' 



V„^ = - 



1 (dQ c dQ\ . 2Q 



ade) a* 



'^~a\db 

The value of 8 V may accordingly be written 
SF=i(^-a+ VatXBa + Sby + UVaa- V^XBa-Bby. 

The value of Vaa + Vdb> as shown in my book, is always positive ; 
accordingly if the displacement were spheroidal, so that Ba = Sb, 
the steady motion would be stable ; but if the displacement is 
ellipsoidal, the steady motion will be unstable unless Vaa — Vat is 
positive. The condition of stability is therefore that 



«(S-f)-«>» <«'• 
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On reduction it will be found that (6) becomes 

which is the condition that the spheroid should coincide with the 
limiting Jacobian ellipsoid (Hydrodynamics, vol. ii. p. 113). The 
excentricitj is determined by the equation 

e (1 - ef'f (3 + lOe*) - (3 + 8e* - 8e*) sin-^e = 0, 

which gives e = •8127. 

When the liquid is frictionless, the condition of stability is 

'dQ dQ' 



<2-'i}-^>'>- 



iving e = '9529, which shows the difference between the two con- 
Itions. 

4. We can also show that when the liquid is viscous a Jacobi's 
ellipsoid, which differs very slightly from the limiting form, is 
stable for an ellipsoidal displacement. Since Va, V^ are zero in 
steady motion, the value of 8 F is 

«F= i (VaaBa' + 2Fa6SaS64- Vj^Bb'). 

Let Oo be the equatorial radius of the spheroid for which 

e = -8127, 

and let the values of a and b in the Jacobi's ellipsoid be 

a = ao + a, 6 = ao + )8, 

where a and fi are very small quantities ; then the value of SFmay 
be written 

^V=i(V^ + V^UBa+Bby + i(F«,- Vai\(Ba-Bby 

+ terms of the third and higher orders, 

where the suffix denotes that a and fi are to be put equal to 
zero. But we have already shown that in this case Vaa — yob — 0, 
whence SF is positive unless 8a = — hh. It, therefore, follows that 
the Jacobi s ellipsoid is stable for all ellipsoidal disturbances for which 
Sa + 86 is not zero ; but when ha + 86 is zero, the stability depends 
on terms of the third order, which must be examined. It is, how- 
ever, probable that the ellipsoid is stable in this case also. 

Since the limiting spheroid is a surface of bifurcation, we have 
an example of figure in which there is an exchange of stabilities, 
the figures belonging to one series becoming unstable at this 
point, whilst the figures belonging to the other series remain 
stable. 
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5. A few years ago, I gave an investigation* which purported 
to show that a Maclaurin's spheroid, which is composed of friction- 
less liquid, is stable for an ellipsoidal displacement. This result is 
known to be erroneous, but at the same time the analysis shows 
that a Jacobi's ellipsoid composed of frictionless liquid, and which 
differs very slightly from tne spheroidal form, is stable for an 
ellipsoidal displacement. In the light of Poincar^'s investigations 
this result is interesting; because it shows that a surface of 
bifurcation does not necessarily involve an exchange of stabilities. 
On the other hand, we should anticipate that a surface which forms 
the limit between a stable and an unstable S}rstem is a surface of 
bifurcation, and consequently that the spheroid whose excentricity 
is '9529 is a surface of this character. 

6. The phrases ordinary stability and secular stability have 
been employed by Poincar^ m the following sense : let 6**+*^^ be 
the time factor of a vibration ; then if a is zero, the steady motion 
(or equilibrium) is ordinarily stable, but if a is negative it is 
secularly stable. It appears to me that this distinction is un- 
necessary, and that the employment of these phrases in this sense 
is an inaccurate use of language ; and that as the physical proper- 
ties, as well as the conditions of stability, of viscous liquids are 
different from those of frictionless liquids, the most accurate and 
intelligible course is to discuss the two species of liquids separately. 
If a is zero or negative, the system is absoltdely stable ; for in both 
cases it performs small oscillations about its position of steady 
motion (or equilibrium), but in the one case the oscillations are 
permanent, whilst in the other they gradually diminish and 
ultimately die away. It is, however, possible for the steady 
motion (or equilibrium) to be such that a small displacement 
causes the system to perform finite oscillations about its undis- 
turbed configuration. In cases of this kind, the time factor in the 
beginning of the disturbed motion will involve the exponential 
term e*^ where a is positive, and the system will be unstable in the 
ordinary sense of the word ; but as the complete solution of the 
equations of disturbed motion must necessarily consist of periodic 
terms, the system may accurately be described as secvlarly stable. 

7. Up to the present time we have confined our attention to 
ellipsoidal displacements ; but the stability of a rotating ellipsoid 
composed of viscous liquid has been investigated in a very able 
manner by Poincar^'f', when the disturbance is of the most general 
character. He has, however, made a slight slip in the work, in 
consequence of having omitted to recognize the fact that the 
angular velocity of the disturbed figure is not the same as that of 

* Proc. Lond. Math, 8oc,t voL xix. p. 53. 
t Acta Mathematical vol. vii. p. 259. 
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the original one. The quantity which remains unchanged is the 
angular momentum. If the angular velocity were supposed to 
remain unchanged, it would be necessary for the disturbance to 
consist in part of a couple about the axis of rotation, and a 
disturbance of this kind could not be applied to a figure of revolu- 
tion by means of an external pressure, although it might of 
course be applied to a Jacobi's ellipsoid. The constancy of the 
angular momentum leads to an additional term in the conditions 
of stability, and it is the existence of this term which renders 
Maclaurin's spheroid stable for a, spheroidal displacement. We shall 
presently see, that if the disturbance is such that the figure 
assumes the form of any other surface of revolution which is 
symmetrical with respect to the equatorial plane, the spheroid 
will be unstable when its excentricity is sufficiently great. 

8. I shall now give Poincard's investigation. 

Let V be the total potential due to gravitation and centri- 
fugal force ; then 

'dm 1 



-I'- 



R ^2 ' 



where dmf is an element of mass, and B its distance from any point 

Since the angular momentum h is connected with q> by the 
equation h = /oa>, 

where /o is the moment of inertia of the figure about its axis, the 
equation for V becomes 

rdm . h^ 



H^^m <'^ 



The potential energy of the syRtem due to gravitation is 



W 



-llf 



dm'dm 



R 



where W. is the work which must be done in removing a spherical 
mass of liquid of equal volume to infinity against the attraction of 
its parts. 

In evaluating this integral, Poincard divides the elements into 
two parts dm, dm\ and dfiy dpi, where the first two refer to the 
original figure, and the last two to the stratum of liquid whose 
superposition may be conceived to constitute the disturbed figure. 
The integral may, therefore, be written 

1 ffdrndm , 1 ffdfidfi , 1 [fdfidmf 1 ffdfidm 
2jJ~X~ + 2JJ"^B" + 2iJ"5-"*"2jJ-"it" (^)- 
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The last two integrals are known to be equal, because they 
represent the mutual potential energy of the original figure and the 
stratum. To evaluate this integral, let V be the gravitation 
potential of the original figure at an external point ; then if \ be 
a length measured along the normal 

where ^ is the normal component of the attraction at the surface. 
But if g be the total force in this direction due to gravitation and 
centrifugal force, 

g = g- a>\l = 5r' - h\l/I* ; 
whence 

jj'^^^fi^jV,'d,.-fgXd^i-^,fnlXd^. (9). 

Now V is constant at the surface, also since the mass of the 
stratum is zero, 

accordingly from (7) we get 

jVo'dfi = - 2J., jr.^dfi, 
and (9) becomes 

Now dfjL = pdXdS, whence the last integral in (10) is of the 
third order of small quantities and may be neglected ; also if o- be 
the thickness of the stratum, and / the moment of inertia of the 
disturbed figure about the axis of rotation, the right-hand side of 
(10) becomes 



— W — ipjr^^' 



Whence if W be the potential energy of the disturbed figure 
dve to gravitation and Wq be that of the original figure 



and 



-•^■-i/f^' (">• 



The total energy E of the disturbed figure, which represents 
its capacity to do work upon itself, is obtained by adding the term 
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A72/ to (12), which may be regarded indifferently as kinetic 
energy or as potential energy due to centrifugal force ; whence if Eq 
be the value of E for the original figure 

«.*.4.//,^^-i//*^.»i^ (is). 

The second integral in (13) is equal to 



p" 



II'- 



E 



Now </ is a function of the position of a point on the surface 
of the original figure, and may, therefore, be regarded as a surface 
distribution of matter ; whence if U be its potential 



f- 



R 

and 

dUi dUj 

dn dn 



= -4iro-' 



(14). 



where t/i, JJ^ are the values of U just outside and just inside the 
sur£Btce. The integral may, therefore, be written 



p'jjaUdS; 



also since (/ - IqY is a quantity of the second order, we may write 
/ = /o in the denominator of the term in which this quantity 
occurs, whence 

E^K + lpjjgo^8-lp''fjUad8+^^^-^^^=^' (15). 

The right-hand side of this equation represents the capacity of 
the disturbed figure to do work on itself; and as the condition of 
stability of the original figure requires that Eq should be a 
minimum, the figure will be stable provided the sum of the last 
three terms is positive, and unstable if it is negative. 

Comparing (15) with the result given by Poincar^ on p. 315, it 
will be observed that he has omitted the last term of all. This 
term, as will be presently shown, leads to the result that Maclaurin's 
spheroid is stable for a spheroidal displacement. 

9. Poincar^ has applied (15), with the last term omitted, to 
investigate the stability of a Jacobi's ellipsoid. The potential U 
is expressed in a series of Lamp's functions, and the value of a is 
then found firom (14), and the condition that the sum of the 
second a/nd third terms of (15) should be positive, leads to an 
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equation by means of which the critical figures which fonn the 
borderland between stability and instability are obtained. I do not 
propose to consider whether any of Poincar^'s results for ellipsoids 
are vitiated by the circumstance that he has failed to take account 
of the last term of (15), as my object is to discuss the simpler case 
of a Maclaurin s spheroid. 

10. But first of all I wish to make some observations on the 
question of notation. The various functions which occur in Har- 
monic Analysis have received great development during recent 
years ; and numerous functions, whose properties were formerly 
but little known, are now largely employed in physical investiga- 
tions, and are found to provide the mathematical physicist with a 
powerful weapon for attacking unsolved problems. It will be 
admitted on all hands that uniformity of notation is of the utmost 
importance, although opinions may differ as to the desirability of 
some particular notation. The notation P«0*) for an ordinaiy 
zonal harmonic, where fi is not necessarily less than unity, is 
well established; and the notation which I always employ, and 
should recommend others to adopt, is that Pj^(ji) should be 
used to denote the function, 

and should be called an associated function of the first kind of 
degree n and order m. When fi< I, it follows with this notation 
that 

malt 

2 4.-P,"Oi)co8(m<^ + 0. 

where fi ^ cos 0, is the most general form of a spherical surface 
harmonic of degree n. 

The associated function of the second kind may be denoted 
by Qj^; and when fi>l, as is the case with prolate spheroids, 
the factor (/Lt' — 1)**^ must be written in the place of (1 — /a*)**. 
The corresponding spheroidal harmonics which are employed in 
the case of oblate spheroids may be denoted by pj^iy) and qj^(v); 
and as it is often unnecessary to specify the argument, powers of 
these quantities may be written (p«*")'. The notation I^{ai) and 
K^{x)y by which I proposed to denote the two kinds of associated 
Bessel's functions, was adopted a few years ago by a Committee of 
the British Association which was formed for the purpose of 
tabulating these functions; and the second solution of BessePs 
equation, which frequently occurs in the theory of sound, I should 
propose to denote by F^(a?). 
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11. We shall now apply (15) to investigate the stability of 
a Maclaurin's spheroid which is composed of viscous liquid. 

Let the original surface be confocal with the spheroid 
and let the system of confocal hyperboloids be 

18 8 — ^ » 

and let i/ = 7 be the free surface of the original figure. 

Let ds^y ds^ be line elements measured along the normals of 
the spheroid and hyperboloid, and p the central perpendicular on 
to the tangent planes to the /ormer, then 

d»j = h~^ dv, (foj = h'^dfi, 
also 

» (^(i/' + z*")' "» c* (./• + /*•)' p»~cV(i^ + l)' 
whence 

A,=|-, ^ j>a-M')^ (16), 

and 

d/Sf = c'7 (1 + '^)p'*dfid^, dn = d8^ = c*yp'*dv.....(11). 

The values of U^, U^ may be written 

U, = S4,"|),- (7) g,- (..)P," 0*) cos m^, 
U, = Sil." q," (7)i).- (v) P." (m) cos mf. 
Accordingly firom (14) and (17), 

From the formulae given by Mr Bryan*, 

whence p^-g.^ -p„«g;- =!L±^, 4^ , 

and therefore 



<r = 



rfi-.- :.. 2 i-r^n" P^, ^<r (m) cos m^. .(18). 



47rc*7 (1 + 7') ** n — m! 

* Proc, R&y. flfoc., vol. zlvii. p. 868. 
VOL. Vin. TT. I. 
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Accordingly 

+ 1 c2 (-TiAJ-y ^|p.-9.-£^(P.-)' d^ . . .(19), 
where in the last term m has any of the values 1, 2, 3 ... n. 
From the ordinary formulae for relative equilibrium 

from the last of which we obtain 

jP5r = 47r/»cV(l+7")Pi?, (20); 

whilst the elimination of pg gives the ordinary equation for ©'. 
We thus obtain 

jjgo^dS = £l'.3.//{2 (-r^." ^; p.- 6*) cos m^lrj d^d^r 

(21). 

To calculate the last term of (15) we have 

I-I,'=pjj(r, + l\ydKd8 

= pffr,'<rdS + pfjr.a'ldS. 

Since the square of this quantity occurs, we may neglect the 
last term in the integral, whence 

/ - /. = g (1 + 7^//(l - /*•) 2 (-)- ^ ^.-P."(^) coBfn^lrd^dir 

= i pc* (1 + 7*)//' a - /*') 2.1,P. (^)d,.. 

Since the mass of the new figure is equal to that of the old, 
JadS = 0; whence 4^ = 0; also since 

l-y.*' = |(P, + P.), 

we finally obtain 

I-I, = r^pc\l + y^A, (22). 
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Substituting from (19), (21) and (22) in (16), the condition of 
stability is that 

I P'ct (p.?. - p^q,) 2^ + ^. (i^5 pC)* (1 + y/ a: 

(23). 

should be positive. 

Compariag this result with that given by Mr Bryan*, which 
is Poincard's so-called condition of secular stability, and having 
regard to the difference of notation, we see that the condition of 
stability (except for the simultaneous values of m = 0, ri = 2) is 
that 

l>.?t-^^(-)>«"*?«->0 (24), 

which agrees. 

12. We shall now discuss this result in the special case in 
which m = 0, so that the displacement is symmetrical with respect 
to the axis of revolution, in which case provided n is not equal to 
2, the conditio Q becomes 

JPi9i-l>»9n>0 (25). 

If e be the excentricity, c = (1 + 7')"*, and consequently when 
« = 0, 7 = 00 , and when e = 1, 7 = 0. Now Poincar6 and Mr Bryan 
have both shown that (24) is essentially positive provided n — m 
is odd, and consequently the spheroid is stable when m = 0, and 
n is odd, that is for displacements represented by harmonics of 
odd degree. But, when m = and n is even, the first term of (26) 
vanishes when 7 = 0, whilst the second term remains finite, and 
consequently the spheroid becomes imstable for such a displace- 
ment, provided its excentricity is sufficiently great. The values 
of the excentricity for which instability commences are given by 
the equation 

Pi9i-i'«.9** = 0* (26), 

where n = 2, 3.... 

From these results we conclude that Maclaurin s spheroid is 
unstable for a zonal displacement of any even order which is 
greater than 2, provided the excentricity is sufficiently great ; and 
the inference to be drawn from these results is that the least 
value of e which makes the left-hand side of (26) vanish and 
change sim, is a spheroid of bifurcation, which forms the limit 
between tne spheroidal system and another system of surfaces of 

* Proc. Roy. Soc., vol. zlvii. p. 369, equation (7). 

3—2 
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revolution which are probably stable, at any rate if they do not 
differ very greatly from the spheroidal form. When the angular 
velocity is sufficiently great, it seems certain that a ring-shaped 
figure exists; and consequently if the angular velocity be con- 
ceived to diminish, the ring would close up until it assumed the 
form shown in the figure ; and if the angular velocity still further 




diminished, the depressions at the poles would disappear, and the 
liquid would finally assume a spheroidal form. That there must be 
a spheroidal surface, which forms the limit between the spheroidal 
form and a series of surfaces which ultimately become annular, 
appears to me so probable as almost to amount to a certainty. 

13. We must now consider the case in which m = 0, and n = 2. 
Mr Bryan has noticed that in this case the left-hand side of the 
inequality (25) vanishes and changes sign for a certain value of 
the excentricity, and he has endeavoured to account for this by 
stating that* "it does not indicate that the spheroid in question is 
secularly unstable for this particular type of displacement. Its 
meaning is that the spheroid is more oblate than that form for 
which the angular velocity is a maximum." This explanation is 
incorrect ; for, as we shall now show, the displacement represented 
by w = 2 is a spheroidal displacement for which the figure is stable, 
and the error into which he has &llen has doubtless arisen from 
his not having noticed that Poincar^ has omitted the last term 
in (15). 

Since h = I^o), 

/o = A^Pc'7(H-7')* (27), 

it follows fi:om (22) that 

/,' SOtt ' 

also since w* = 2Trpy {(1 + 87') cot"' 7 — 37), 

the condition of stability when n = 2 becomes 

7?. (7) -i>, (7)9. (7) + i {(1 + V) cot-' 7 - 37} > 0. 

* Proc. Roy, Soc, vol. xlvii. p. 371. 
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Substituting the values of Jj, ?,, ft, the condition becomes 
37 4- 97* - (- i + 67' + 97*)cot''7 > 0, 
or 96 (1 - 6»)* (3 - 2e») - (27 - 36c' + Se') sin"' e>0.. .(28). 

This condition is the same as the condition of stability of a 
Maclaurin's spheroid composed of frictionless liquid, when the 
displacement is spheroidal (see Hydrodynamics, vol. ii. p. 124), 
and consequently the spheroid is stable for this kind of displace- 
ment. 

Stability of Figures composed of Frictionless Liquid. 

14. The investigation of the stability of a rotating mass of 
frictionless liquid by means of the energy method depends upon 
totally different principles. It must be borne in mind that in 
steady motion it is not essential that the liquid should rotate as a 
rigid body, and one figure is known (the irrotational ellipsoid) 
in which the motion does not possess molecular rotation. On the 
other hand, if the liquid is viscous, and is acted upon by no forces 
except those due to its own attraction, steady motion cannot exist 
unless the liquid rotates as a rigid body; for if any different 
motion existed at any particular instant, it would gradually be 
extinguished by viscosity, and the final state would necessarily be 
a rigid body motion. 

15. Whenever the momenta of a conservative dynamical 
system, or any quantities in the nature of momenta, are con- 
stant throughout the motion, the steady motion and stability 
may be investigated in the following manner*. A constant 
momentum always involves an ignored coordinate, and if the 
velocities corresponding to the ignored coordinates be eliminated 
from the Lagrangian expression for the kinetic energy, the result 
will be of the form 3^ + if, where 3^ is a homogeneous quadratic 

function of velocities 6 which are the time variations of co- 
ordinates which appear in the expression for the total energy 
of the system, and j( is a similar function of the constant momenta. 
Under these circumstances, it follows that if F be the potential 
energy of the system measured from a configuration of stable equi- 
librium, the steady motion will be obtained by assigning constant 
values to the coordinates 6, and making X+V stationary ; and 
the steady motion will be stable, provided it + F is a minimum. 
The function it is accordingly the kinetic energy of the most 
general possible motion which the system could assume if the co- 
ordinates 6 were constrained to remain invariable, and the function 
ft+ Fis the total energy of that motion. 

* Proc. Camb, Phil Soc.t vol vn. p. 361. 
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16. When a mass of frictionless liquid is rotating in any 
manner in steady motion, the fact of the motion being steady 
reouires that the form of the free surface should remain invariable, 
and that it should rotate like a rigid body, although it is not 
necessary for the particles composing the film of liquid which 
forms the free surface to move in this manner. The kinetic energy 
of the steady motion will accordingly be a homogeneous quadratic 
function of constant quantities which specify the fact that the 
generalized momenta and vorticity of the liquid are constant. 
This is the function it. Now let the liquid be disturbed iti any 
manner, subject to the coudition that the generalized momenta 
remain unchanged; aud in contemplating conceivable disturb- 
ances, it must be recollected that although it is usually possible to 
apply a disturbance which will alter one or more of the generalized 
momenta, it is impossible to alter the vorticity. The new form of 
the free surface will depend upon certain parameters 6 which are 
coordinates, and which have certain definite values in steady 
motion ; accordingly the kinetic energy of the disturbed motion 
will be expressible in the form % + it, where 2! is a homogeneous 

quadratic function of the velocities v. The form of the function & 
in the disturbed motion will not necessarily be the same as in 
steady motion, since it frequently happens that in steady motion 
some of the coordinates 6 are zero or are equal to one another. 

17. The function F, which is the potential energy due to 
gravitation, can be calculated by Poincar^'s method ; but the 
calculation of it presents various difficulties. When the liquid is 
rotating about a fixed axis, it sometimes happens that in the 
beginning of the disturbed motion the vortex lines remain parallel 
to that axis, and that the new value of the molecular rotation is 
independent of the position of particular particles of liquid. 
Whenever this is the case, the disturbed motion depends upon a 
velocity potential, and can be determined by means of Prof 
Greenhill's method. Let the liquid be enclosed in a case whose 
form is the same as that of the free surface of the disturbed figure 
at any particular epoch, and let the liquid be frozen and set in 
rotation with angular velocity f about the fixed axis of rotation ; 
let the liquid now be melted and an additional angular velocity 11 
be impressed on the case, then it is the kinetic energy of the 
resulting motion. 

The subsequent calculation is as follows. Let the motion be 
referred to axes x and y fixed in the case, and which are therefore 
rotating about the fixed axis of z with angular velocity o, where 
o) = 11 + ?; then if w, Vy w be the velocities of the liquid referred 
to this set of axes. 
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where ^ is obviously the velocity potential of the irrotational 
motion which would take place if the case were filled with liquid 
at rest, and then set in rotation about the axis of z with angular 
velocity fl. 

The value of St is 

*l'lhf.^ «. 

also if h be the angular momentum, 

h^pjfj\^(^+y') + x^-y^^dxdydz (3), 

and since by hypothesis f is independent of x, y and z, we obtain 

^ = K-\l^^\p\l^^^d8 (4). 

where / is the moment of inertia of the disturbed figure about the 
axis of z. Since <h depends upon the disturbed motion, it must 
necessarily be a Imear function of small quantities of the first 
order, whence <l>d<l>/dn is of the second order, and consequently the 
surface integral may be taken over the original surface. 

The molecular rotation f must be determined from the con- 
dition that the vorticity remains constant ; and since by hypothesis 
the vortex lines remain parallel to z in the beginning of the 
disturbed motion, and f is independent of x, y and z, we obtain 

.l? = ^?, = T(say) (5), 

where A is the area of the curve of intersection of the disturbed 
surface with the plane {xy). 

If, therefore, the velocity potential ^ can be calculated, ft and 
f can be eliminated from (4) by means of (3) and (5); and the 
resulting value of 5f will be a homogeneous quadratic function of 
A and T, whose coefficients are functions of the coordinates of the 
disturbed sur&ce. 

18. The reader who is acquainted with the methods by which 
the steady motion of the ellipsoidal figures is investigated (see 
Hydrodynamics, vol. ii. ch. xv.), and the method by which the 
stability of such figures has been ascertained in the case of an 
ellipsoidal displacement, will experience no difficulty in following 
the preceding argument. It will, however, be noticed that the 
method of § 17 depends upon certain conditions being fulfilled, 
and when this is not the case a different course of procedure is 
necessary. Although it is impossible to alter the vorticity of a 
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given mass of liquid by natural forces or by any operations per- 
formed on the boundary, it is usually possible to alter the value of 
the resultant molecular rotation as well as the configuration of the 
vortex lines. If the liquid is rotating as a rigid body in steady 
motion about the axis of z, the vortex lines will be parallel to that 
axis, and the molecular rotation will be constant throughout the 
whole mass of liquid ; but it is quite possible that certain disturb- 
ances may twist the vortex lines into slightly sinuous forms, 
which differ from straight lines by small quantities depending on 
the disturbed motion, and also that the new value of the molecular 
rotation at any point of the liquid may be a function of the 
position of that point. Whenever this is the case, the velocities 
during the disturbed motion will not be expressible by means of 
(1), and the method explained in the last section for calculating ft 
will not be applicable. Under these circumstances the method 
of Poincar^ and Mr Bryan*, for calculating the disturbed motion 
would enable us to find the value of X in the form of a series, and 
the discussion of this series combined with the one for V would 
lead to the conditions of stability. 

• Phil. Tram., 1889, p. 187. 
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Monday, Jan. 30, 1893. 
Professor T. McK Hughes, President, in the Chair. 

The following Communications were maxle to the Society : 

(1) On a new Fern from the Coal MeoMtres. By A. C. 
Seward, M.A., St John's College. 

Abstraxit 

The specimen described as a new species, Rachiopteris William' 
8oni, resembles in certain particulars the genus Myeloxylon, but 
possesses distinctive characters not previously recognised in fossil 
Fern petioles. Rachiopteris Williamsoni may be briefly described 
as a petiole with scattered vascular bundles; those near the 
periphery appear to be rather collateral than concentric in struc- 
ture, but the larger bundles have a more decided concentric 
arrangement of the xylem and phloem. Each group of xylem 
elements is surrounded by a ring of small secretory canals. The 
hypoderm is like that of Myeloooylon, and gum(?) canals are 
abundantly distributed in the ground tissue. 

(2) On the Structure and Functions of the Alimentary Canal 
o/^ Daphnia. By W. B. Hardy, M.A., Caius College, and 
W. Mc DouGALL, St John's College. 

[Received March 28, 1893.] 

So far as we know none of the workers who have investigated 
the gut of the Crustacea have described the existence in the 
case of the lowest members of that group of a differentiation of 
regions corresponding to the processes of digestion, of absorption, 
and of elaboration of the faBces. As is well known, the gut of 
the lower Crustacea differs in a very striking way from that 

VOL. VIII. PT. IL 4 
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organ in the higher forms. Throughout the entire group the 
existence of the three main divisions, stomodaeum, mesenteron 
and proctodseum, is very clearly seen, but whereas in the former 
the mesenteron constitutes the greater part of the gut, in the 
latter it is limited to a very short region into which the bile- 
ducts open, and which forms only a very small fraction of the 
total length of the alimentary canal. 

The long mesenteron of the lower forms exists as a simple 
tube ofiFering no obvious distinction into regions or diversity of 
structure save the two so-called liver diverticula which spring 
from its anterior end and extend forwards over the brain. 

The oesophagus or stomodaeum is a short tube running up- 
wards and forwards from the mouth to open on the ventral surface 
of the mesenteric tube near its anterior end and a little posterior 
to the points of origin of the liver diverticula which spring from 
the lateral aspect. 

The proctodaBum is rather longer than the stomodaeum but 
differs in this and other respects in the different divisions of 
the Entomostraca. In the Phyllopoda it occurs as a short simple 
tube. 

Though the mesenteron appears as a simple tube without 
any obvious anatomical expression of differentiation of function, 
yet a study of the processes of deglutition and digestion, and 
of the character and arrangement of the cells lining its wall 
makes evident the fact that in Daphnia this apparently simple 
tube is divided into three regions, an anterior region devoted to 
the absorption of the products of digestion, a middle region 
wherein digestion occurs, and a posterior region in which the 
faeces are formed. 

The fact that digestion occurs in a region of the gut posterior 
to that which is occupied in the absorption of the products is 
so far as we know without a parallel in the animal kingdom, 
except perhaps among the simplest Coelenterates. 

For purposes of observation Daphnia can be readily fed by 
pouring beaten yolk of an egg, milk or carmine &c. over the 
bottom of the dish in which it is living, and the phenomena 
accompanying the taking in and digestion of food may be 
easily followed in the living Daphnia owing to the transparent 
nature of the animal. The various events will be described 
in the order in which they occur. 

Deglutition is a rapid act. The food particles, e.g. carmine, 
or yolk globules, are carried over the mouth in the current of 
water which is constantly maintained by the movements of the 
foliaceous appendages and many of them adhere to the sticky 
surfaces of the mouth appendages. These adherent particles 
are formed into a bolus by the movements of the appendages. 



189S.] and Functions of the Alimentary Canal of Daphnia. 43 

We have not sacoeeded however in determining how this is 
done. 

When the bolos is complete it is rapidly carried into the 
mesenteron by a peristaltic movement of the oesophagos, which 
in its resting condition is a closed tube flattened dorso-ven- 
traUy. The peristaltic movement spoken of above consists of a 
wave of dilatation which starts at the mouth, and which is fol- 
lowed by a wave of constriction. The bolus is sucked into the 
cesophagus by the first wave and then thrown with a certain 
degree of force into the mesenteron. 

When the peristaltic wave reaches the mesenteron it is con- 
tinned backwards over that structure and carries the bolus before 
it as tsur as the middle third 

The act of deglutition therefore is brought about by a peri- 
staltic wave which starts at the mouth as a result of the stimu- 
lation of the sensory surfaces there and runs backwards carrying 
the food along the gut to the middle third or digestive region 
of the mesenteron. 

Digestion. The food when swallowed consists of particles, 
eig. precipitated proteid, fat globules, carmine grains, or uni- 
oelloliEMr plants, which are glued together by some sticky substance. 
As digestion proceeds the insoluble particles are slowly liberated 
and some are carried into the anterior region of the midgut and 
even into the liver diverticula. There the nutritive particles 
sach as the &t globules of milk or yolk (but not the carmine 
grains) are ingested by the columnar cells lining that region. 
If the food contain any soluble colouring matter, such for in- 
stance as chlorophyll, that also accumulates in the anterior region. 
The non-nutritive particles do not accumulate in the anterior 
r^on but are from time to time driven backwards. Thus, in 
the case of an animal which has been fed on green algae we 
find the anterior third of the mesenteron including the liver 
diverticula occupied with a bright-green fluid in which are sus- 
pended a few solid particles; the middle region occupied by a 
daik-green mass of still undigested food, while the posterior 
T^on contains a mass of brown particles which will form the faeces. 

The movements of the gut which bring about this distribution 
at the contents are twofold. First there is a constantly occurring 
peristadsiB which consists of waves occurring at regular intervala 
Tbese start at the junction of mesenteron and proctodaeum and 
ran /brwards, ultimately dying away in the fiver diverticula 
They are best developed, that is they lead to the most con- 
siderable constriction, in the posterior region, and they are 
apparently conditioned by the presence of food particles or of 
their soluble products in the lumen of the gut. They, however, 
are sometimes seen in starving animals. 

4—2 
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The second movement consists of a quick contraction of the 
walls of the liver diverticula which occurs at irregular intervals 
during the progress of digestion and which is apparently due to 
the stimulation of the walls of the liver diverticula by innutritions 
food particles. It is difficult to be certain on this point, but so 
far as our observations go they agree with this view of the 
causation of the movement. 

It is clear that the first movement is the agent which propels 
the soluble products of digestion and the freed discrete food 
particles to the anterior region of the mesenteron. The con- 
tractions of the liver diverticula on the other hand serve to drive 
the innutritious residue of these particles back to the middle 
and posterior regions. 

The effect of these two movements may be made clear by 
taking the case of an animal fed on a mixture of yolk of egg 
and carmine. The yolk particles, consisting mainly of proteid 
precipitate and fat globules, and the carmine grains form at first 
an agglutinated mass in the middle region of the gut. As so- 
lution proceeds the fat globules and carmine grains are liberated 
and are driven in relatively small numbers into the anterior 
region, where the former are taken up by the lining epithelium 
so that the walls become in time thickly studded with fat drops. 
The carmine particles are not taken up but are at intervals driven 
back by contractions of the liver diverticula to the middle 
region. 

Absorption, By feeding with food rich in fat globules we 
can determine the region in which the absorption of solid par- 
ticles occurs, and we find that fat is most readily taken up 
by the cells of the anterior region, including the liver diver- 
ticula. If the amount of fat given be not great, globules appear 
practically only in this region. If however a large quantity is 
ingested, in 24 to 40 hours the cells of the middle region also 
become considerably loaded but always to a much less extent 
than those of the anterior region. The globules of fat in the cells 
dififer in size in the two regions, thus in one animal the globules 
in the cells of the liver diverticula measured 3 to 5 /l& in diameter, 
in the anterior region of the mesenteron they measured 4 to 7 /i. ; 
while in the middle region the globules were relatively scanty 
and too small to measure. 

If the fatty diet be pushed to great excess fine globules may 
occur in the cells three quarters of the way back along the 
mesenteron. 

It is however quite clear that the absorption of fat is practi- 
cally confined to the anterior third of the mesenteron. 

Our reasons for supposing that absorption of the dissolved 
products of digestion is especially the function of the anterior 
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region cannot be regarded as conclusive. The very small quantity 
of fluid that is found at auy time in the middle and posterior 
regions of the midgut of a well-fed animal points to this con- 
clusion. In the chlorophyll of the algae which form so large a 
portion of the diet of Daphnias, we have a substance whose fate 
we cau to a certain extent trace, and we find that as digestion 
proceeds the food mass in the middle region loses its green tint, 
while the fluid contents of the anterior region become coloured 
a vivid green. Further there is evidence that this dissolved 
chlorophyll is absorbed, for the striated border of the epithelium 
becomes coloured an intense green and the cells charge them- 
selves with yellow pigment masses. 

Defalcation is a sudden act: the faeces, which are formed in 
the posterior region of the mesenteron, are quickly expelled from 
the intestine passing rapidly through the proctodseum. 

Defsecation is carried out by a wave of contraction which 
appears to start at some undeterminable point in the mesenteron, 
and a wave of dilatation and contraction passing backwards over 
the proctodaeum. The movements of the proctodaeum are of such 
a nature that they first aspirate the contents of the posterior 
region of the mesenteron, and then expel them through the anus. 

There is undoubtedly a sphincter muscle at the junction of 
mid and hind gut in Daphnia. 

The proctodaeum also exhibits a rhythmical movement which 
consists of peristaltic waves starting from the anus and travelling 
forwards to the junction with the midgut. The interval between 
successive waves varies (e.g. 3 to 9 seconds in one animal). They 
have no connection with the forward running peristaltic waves 
of the mesenteron, for the latter occur at quite regular intervals 
without any reference to the time of occurrence of the procto- 
deal wave. Thus in the case given above, the proctodeal waves 
followed one another at irregular intervals varying from 3 to 
9 seconds, while the peristalsis of the mesenteron occurred with 
perfect regularity every 1^ seconds. 

The rhythmic movements of the proctoda3um appear to be 
independent of the central nervous system, for they are main- 
tained long after all signs of life have vanished and may be 
shown by the proctodaeum when isolated as completely as possible 
in normal salt solution. They undoubtedly lead to the entrance 
and exit of water and, in the absence of any definite knowledge 
on the subject, we may perhaps regard them as respiratory in 
charact^. 

It is clear that the stomodeal and proctodeal portions of the 
intestine of Daphnia, so far as the manipulation of the food stuffs 
is concerned, take part only in the processes of deglutition 
and defaecation, and the ingesta and egesta are not lodged in 
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them but merely hurried through. They thus differ profoundly I 
in function from the similar structures in the higher forms of the | 
Crustacea. * 

Minute structure of the Out o/'Daphnia. 

The walls of the gut consist of a single-layered epithelium 
resting on a muscular membrane. 

The Mesenteron including the liver diverticula is lined by 
columnar cells disposed quite regularly and with a well developed 
hyaline border with vertical striation. When the gut is in a state 
of average normal distension the cells are short columnar, being 
only a little deeper than broad. When the gut is much con- 
stricted the epithelium is thrown into longitudinal rounded ridges 
separated by farrows. The cells of the ridges are then very tall 
and thin, those of the fuirows short and broad. The gut may 
be so distended by food or perhaps artificially during manipulation 
that the cells are broader than deep. 

The depth of the hyaline border varies in different regions of 
the gut but bears a fairly constant proportion to the depth of the 
cells in each region. There can generally be seen embedded in the 
substance of the border more darkly stainiug rods. They are most 
commonly wholly embedded in the border, reaching just to its free 
surface ; and are generally separated by spaces about equal to or 
slightly greater than their own thickness. The distance which 
separates them from one another varies with the degree of dis- 
tension of the gut alid the consequent breadth of the ceils. When 
the cells are very broad the border with the rods sometimes appears 
discontinuous, there being patches of striated border on each cell, 
separated by intervals. 

Sometimes no rods or structure of any kind can be made out 
in the border ; this may be due to complete retraction of the 
rods ; but possibly to faulty preparation. 

The rods may be sometimes seen to be shorter than the depth 
of the border and so not quite to reach to its surface. 

In other cases the rods may be seen to project freely beyond 
the border to at least half their length. In such cases the pro- 
jection is not due to retraction of the border but to projection of 
the rods, for the border retains its normal depth while the rods 
are longer proportionally to the height of the cell ; they may be 
more than half the height of the cell when thus projected. 

When the rods project through increase in length, they do not 
seem to be narrower, but rather thicker ; if this be so, there must 
be a passage into them of substance from the cell body. 

The rods are not always parallel and not always perpendicular, 
sometimes they lie at an angle to the surface of the cells. 

The rods again may appear to stand freely on the surface of 
the cells without any embedding hyaline substance. 
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Sometimes the border contains a number of small clear non- 
staining patches oval or irregular in shape, generally close to the 
base of the border; these are commonest opposite the intervals 
between ceils. 

The borders of adjacent cells are generally in contact and 
closely adherent. In cases where the cells are at all displaced 
the borders may be seen stretched out and still adherent. The 
border is therefore fstirly tough and of course extensible as it 
changes in shape with the alterations in form of the cell bodies. 

The mobility of the rods and of the hyaline substance of the 
border is thus very obvious in Daphnia, and Heidenhain has 
attributed a similar mobility to the hyaline border of the cells 
lining the small intestine of vertebrates*, and parallel changes 
have been noticed at times in the ciliated cells of the gut of 

Lumbricusf. 

Actual measurements show that the depth of this border forms 
a greater proportion of the total depth of the cell in the diverticula 
and anterior portions than in the rest of the gut. Thus in one 
case the measurements were : 



Diverticula 

Anterior region of intestine 

Middle to posterior region 



Depth of oell body. Depth of border. 



10/1 

7-5/Lt 



2-6/A 

6-7/1 

3/1 



Thus we may say generally that the border is best developed 
in that region iu which the absorption of fat was found to take 
place, and this corresponds to observations made in other animals. 
Thus in vertebrates the hyaline border is best developed on the 
cells of the villi of the small intestine, and in Lumbncusj it, or 
rather its homologue, is only found on those cells which ingest fat. 

Just posterior to the junction of the stomodasum with the 
mesenteron, there is a short neck-like region in which the lumen 
is smaller and the cell border lower in proportion to the depth of 
the cells than in regions before or behind. 

If we turn to the histological characters of the cell substance 
of the cells lining the mesenteron we obtain further evidence of a 
differentiation of the epithelium into regions corresponding to 
those which actual observation of the processes of digestion shows 
to exist. 

The cells of the middle region of the mesenteron are specially 
characterised by the presence under certain conditions of granules 

* Heidenhain, Pfiilger's Archiv. Bd. ZLni. Suppl. 
t M. Greenwood, Joum, of Physiol. Vol. xin. p. 239. 
t M. Greenwood, loc, cit. 
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which are preserved by osmic vapour and to a less extent by 
corrosive sublimate. Since these granules accumulate in great 
numbers in starving animals, and since it can be shown that they 
make their way into the lumen of the gut there to swell up and 
dissolve, we are justified in regarding them as secretory granules, 
and the cells which bear them as gland cells, engaged in the 
elaboration of a digestive ferment or ^rments. 

In a series of sections of a gut preserved by most reagents 
(osmic acid and corrosive sublimate excepted) there are usually 
seen, apparently between the cells, clear spaces reaching from 
basement membrane to striated border but usually not into the 
border ; they vary in shape, in a gut taken from an animal during 
digestion, from a narrow slit, straight or curved, according to 
the shape of the cell, to broadly oval spaces, which seem to 
compress the adjacent cells to a dice-box shape. 

Occasionally the striated border is discontinuous opposite these 
spaces ; being perforated by a small canal which in oblique 
sections often resembles a small vacuole. 

In cells preserved with osmic acid vapour, no such gaps be- 
tween the cells occur, or if so, very rarely ; but there are seen 
within the cells granules which are not seen in the specimens 
where the gaps occur. 

These granules appear to stain rather differently with osmic 
vapour in different cases. Sometimes only lightly, at other times 
more darkly. 

In cells preserved with a saturated solution of corrosive sub- 
limate the granules are generally only partly preserved. In some 
cases each granule seems to be swollen up and to have become 
clear and non-staining, but not to have fused with the neigh- 
bouring granules, or only to a slight extent; the cell substance 
then appears as a stained protoplasmic network of very fine 
meshes, enclosing the clear swollen granules. 

The change in places goes further; the granules and the 
network are no longer seen but in their place appear clear un- 
stained patches chiefly at the bases of the cells. 

Absolute alcohol sometimes preserves the granules in part. 
They then stain deeply with hsematoxylin. It may then often 
be seen that in a cell some of the granules are swollen up and 
coalesced into a clear non-staining mass, while the rest remain and 
are very clearly seen. 

Wherever granules are well preserved they may be seen to 
be arranged in vertical rows stretching from the basement mem- 
brane to the cell border. 

In the middle region of a fasting gut preserved by osmic 
vapour the cells are often very much distended laterally with 
granules. The rods of the hyaline border then stand much further 
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apart than usual and often do not reach the surface of the 
border. 

In any one section the granules of different cells are rather 
differently preserved. Some of the cells appear lighter than the 
rest, and these are generally broader ; possibly in them swelling 
of the granules has begun, while in the others the granules are 
better preserved. 

In sections through fasting animals which have been pre- 
served in absolute alcohol the epithelium shows large clear (i.e. 
unstained) spaces alternating with narrow threads or columns of 
staining substance. The spherical nucleus may sometimes be 
seen attached as it were to one side of the staining column and 
projecting into the clear space. In many cases the clear space 
contains scattered granules which have not swollen up. 

The discharge of the granules into the lumen of the gut 
may not unfrequently be seen in osmic vapour preparations 
especially of fasting animals. They appear in places to be 
streaming from the cells through the border and to form a 
homogeneous mass in the lumen which sometimes imbeds still 
unaltered granules. 

These granule-bearing or gland cells occur throughout the 
length of the gut, but they are most numerous in the middle 
or digestive region. They are fewest in the short neck-like 
region, already alluded to, which is just posterior to the junction 
of oesophagus and mesenteron. 

It is interesting to note that quite at the posterior end of 
the mesenteron gland cells occur which contain remarkably com- 
pact groups of granules which stain deeply with osmic vapour. 
These like the other granules are best seen in starving animals. 

We may correlate the existence of these cells in this particular 
position with the formation of the faeces which takes place in this 
region. The faeces are composed of the innutritious detritus of 
the food stuffs glued together by some substance which makes 
its appearance at a very late period in digestion and in the 
posterior end of the mesenteron. The effect of the production 
of this substance is to cause the faeces to change from particles 
scattered through the lumen to a compact mass which occupies 
the centre of the gut and is not in contact with the walls. 

This concludes the main part of the paper, and in it we have 
endeavoured to show that the apparently undifferentiated mes- 
enteron of Daphnia is really divided into regions defined by 
the processes which take place in them and by the character of 
the cells forming their walls. 

In order to complete the account of the histology of the gut 
we will briefly describe the structure of the stomodaeum, procto- 
daeuin, and muscular basement membrane of the mesenteron. 



50 Mr Eichholz, On UrobUin. [Jan. 30, 

Structure of Stomodamm. The stomodseum forms a muscular 
oesophagus leading upwards and forwards into the gut. It con- 
sists of a muscular tube lined by a simple low epithelium covered 
internally by a cuticle. 

The muscle fibres are striated ; they are arranged in a single 
layer of annular fibres and a pair of longitudinal muscles. 

The proctodcmm is the terminal vertical or recurved portion 
of the gut. It is narrow, flattened laterally and lined by a 
low cubical epithelium and cuticle. Its basement membrane is 
especially well developed. 

Structure of basement membrane of the gut. This is the actively 
contractile organ which brings about peristalsis. Its structure is 
peculiar and it forms a membrane which is continuous over the 
whole mesenteron. This membrane is thin, hyaline, structure- 
less, very tough, and very elastic, as is shown in teasing, and 
highly refractive. In it are embedded protoplasmic strands which 
are presumably the contractile elements. These are narrow 
flattened bands arranged in two series, a longitudinal and a 
circular. The longitudinal bands are continuous for at least 
half the length of the gut, probably the whole ; whether the 
circular bands are annular or spiral we have not determined. 

The circular bands are rather broader and more closely set 
than the longitudinal, being separated by intervals two to three 
times as broad as themselves. Each band is enclosed by a 
splitting of the hyaline membrane which sends a sheath both 
internal and external to the band. In transverse section the 
latter therefore appears as a dark oval patch lying embedded 
in the hyaline substance, and resembling a nucleus of the latter. 

The bands show indistinct longitudinal fibrillation in places ; 
and also a faint indication of irregular cross striation; these 
markings however are probably due to folding. 

We have not succeeded in finding any traces of nuclei in the 
basement membrane. Where the longitudinal and circular bands 
cross one another, they appear to run straight on without being 
specially connected. 

(3) On Urobilin. By A. EiCHHOLZ, B.A., Emmanuel College. 

In this communication a new method of urobilin extraction 
was described, by which the pigment is preserved in the state 
of chromogen. The properties of urobilin in normal and febrile 
urines were recapitulated in order to compare urobilin with the 
reduction products from bilirubin and hsematin. The communi- 
cation was then devoted to a description of experiments devised 
to settle the question as to the possibility of artificial production 
of urobilin from bilirubin and hsematin. After pointing out how 
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Maly's hydrobilirubin differs from true urobilin and how con- 
sequently the identity of Hoppe Seyler's and Nencki and Sieber's 
urobilin from haematin reduction becomes doubtful, it was shewn, 
in spite of statements to the contrary by McMunn and Le Nobel, 
that it is possible by complete reduction of both bilirubin and 
haematin to obtain substances in each case accurately resembling 
urobilin. 

Monday, Febrtuiry 13, 1893. 

Professor T. McK Hughes, President, in the Chair. 

W. G. P. Ellis, M.A., St Catharine's College, was elected a 
Fellow of the Society. 

The following Communications were made to the Society : 

(1) Note on ike stahility of rotoMng liquid spheroids. By 
G. H. Bryan, M.A., St Peter's College. 

In his paper "On the stability of Maclaurin's spheroid" 
Mr Basset has characterized as "incorrect" one of the state- 
ments in my paper '' On the Stability of a Rotating Spheroid 
of Perfect liquid*". The statement in question refers to the 
negative value of the quantity 

which enters into the criteria of stability, and is to the effect 
that '' Its meaning is that the spheroid is more oblate than that 
form for which the angular velocity is a maximum." 

While admitting that Poincard was in error in overlooking 
the fact that the angular momentum and not the angular velocity 
should be kept constant, I am unable to see how Mr Basset 
arrives at this conclusion. On the contrary, the following con- 
siderations seem to leave no doubt as to the correctness of my 
interpretations. 

llie angular velocity to is connected with the quantity ^ 
which defines the eccentricity of the spheroid, by the relation 

a? = 27r/)7 (3?» + ?) cot- ^ - 3^ t; 
.-. ^-' = 2Trp7[(9r+l)cot-r-f^^-6^^ 

.-. (r + 1) ^' = 2^/^ [(9r + 10? + 1) cot- ? - (9r + 7?)] 

= 27r/>iy [(Sr + 1) {(3r + 1) cot^ ?- H] + ^K[^ cot-?- 1}] 
= 8^P7 {p, (?) . q. (0 -i>i (?) . ?i (?)}{. 

* Proceedings Royal Society ^ Vol. zltii. p. 371. 

t Phil. Tram. Vol. clxxx. A. p. 197 (60). 4: Proc. B. S. Vol. xiivn. p. 369. 
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Therefore ©' is a maximum when 

which proves the correctness of my statement. 

The same thing may also be shown by examining Poincar^'s 
alternative method of finding the criteria of stability in § 9 of his 
paper* He there considers that the ellipsoid will be in critical 
equilibrium if, when it has been slightly displaced, the displaced 
fonn is also in equilibrium. But he takes the displaced form 
to have the same angular velocity as the original form whereas 
it really ought to have the same angular momentum. If the 
displacement of a spheroid is determined by a spheroidal har- 
monic other than the zonal harmonic of the second degree, the 
original and the displaced spheroid have the same moment of 
inertia (to the first order of small quantities) and therefore their 
angular momenta are equal if their angular velocities are equal 
and Poincare s method gives correct results for the stability. But 
in the case of a zonal harmonic displacement of the second degree, 
the moments of inertia in the two forms are no longer equal. 
And since the displaced form is also spheroidal, the condition 
obtained by Poincar^ is that which must hold when two spheroids 
with the same angular velocity coalesce, i.e. when the angular 
velocity is a maximum or minimum. And we know from other 
considerations that it is a maximum, not a minimum. 

Mr Basset's paper suggests another point which it would be 
well to inquire into more fully. He says that the spheroid is 
secularly stable if the motion when slightly displaced is deter- 
mined by terms of the form e^*"*"^'^^ where a is negative. But 
is it quite certain that the small motions of viscous rotating mass 
of liquid can always be expressed by means of terms of this 
form ? In electrodynamics we have instances of dissipative 
systems in which the general equations and boundary conditions, 
although linear, are not satisfied by a single solution of this form, 
and those systems in which the solution can be so expressed 
have been called "self inductive"")-. It would be interesting to 
inquire whether any such conditions have to be satisfied in the 
case of a mass of viscous rotating liquid, or whether such a 
system is always, so to speak, "self inductive" in this sense. It is 
certain that the equations of the small motion about equilibriuni 
of a Maclaurin's spheroid of viscous liquid do not admit of any 
such simple solution as those which I have found for the spheroid 
of perfect liquid, and the cylinder of viscous liquid. 

It is, moreover, highly desirable that the general conditions of 
stability of rotating liquids should be proved by an alternative 

* Acta Mathematical Vol. vii. pp. 319 — 321. 

t Watson and Borbury, Electricity and Magii/etiam^ Vol. ii. 
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method to that employed by Mr Basset on pp. 24, 26 of his paper. 
That a mass of gravitating liquid is in stable equilibrium when its 
form is spherical and that its potential energy is therefore then a 
minimum, is more obvious than that the latter fact follows as a 
consequence from the "result" stated in Equation 1. If W^ had 
been defined as the work done in separating the elements of 
liquid in a mass of any form (say cubical for example) there is 
nothing either stated or shown in this argument as it stands in 
the paper which would preclude its being employed to show that 
the potential energy of the cubical form would be zero. 

Again, the distinction between " energy" and " capacity to do 
work " is at variance with the custom of defining energy as 
" capacity to do work " in many text-books, and the statement 
that " the presence of the term ^h^/I " diminishes the " capacity 
to do work upon itself" of the liquid is not easily reconcileable 
with the remark (following equation (5)) that " the capacity to do 
work will be least when ^h*/I— W is sl minimum." The simple 
expedient of placing the minus sign first outside and then inside 
the bracket is not a very convincing argument on this point 

The object of these remarks is to show that the " obscurities *' 
which exist in the statements in Natural Philosophy relating to 
the stability of rotating ellipsoids have only been partially cleared 
up, and that there is still room for a fresh investigation in the 
same direction. 

[Remarks on the above by Mr A. B. Basset. 

In the first place the surface of a cube is not an equipotential 
surface for a mass of gravitating liquid, and consequently my 
argument would not apply if the word cubical were substituted 
for spherical. 

Secondly, the distinction between energy and capacity to do 
work must be obvious to everyone who considers how the state of 
relative equilibrium of a Maclaurin's spheroid may be generated. 
The term J A'// increases the total energy of the system, but 
diminishes its capacity to do work upon itself. When ^h*/!— W 
is a minimum the system is incapable of doing any work upon 
itself; when it is not, the figure if free will begin to assume some 
other form.] 



I 
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(2) On (he isotropic elastic sphere and spherical shell. By 
C. Chreb, M.A., King's College. 

In a paper communicated to the Society in 1887 the author 
gave a mathematically complete solution of the equations of equi- 
librium for an elastic solid sphere in polar coordinates. The 
expressions for the elastic displacements contained arbitrary con- 
stants to be determined by the surface conditions. These constants 
were, however, found explicitly only in the case of normal forces 
over a solid sphere. The first object of the present paper is to 
determine the arbitrary constants for all forms of surface forces 
over both surfaces of a shell. The expressions for the typical 
displacements are given explicitly. The forms taken by the dis- 
placements, strains and stresses when the shell becomes very thin 
are deduced. The order of magnitude of the stress usually assumed 
to vanish in theories of thin shells relative to the other stresses 
is determined, and their mode of variation along the thickness of 
the shell is illustrated by means of curves. The problem when the 
two surfaces of a shell suflfer any given arbitrary displacements is 
also solved explicitly, the form taken by the results when the shell 
is very thin being more particularly considered. Several other 
applications are made of the solution to cases of physical interest. 

(3) On a system of two tetrads of circles; and other systems 
of two tetrads. By Prof. Cayley. 

The investigations of the present paper were suggested to me 
by Mr Orr's paper, " The Contects of certain Systems of Circles.*" 

1. It is possible to find in piano two tetrads of circles, or say 
four red circles and four blue circles, such that each red circle 
touches each blue circle : in fact counting the constants, a circle 
depends upon 3 constants, or say it has a capacity = 3 ; the 
capacity of the eight circles is thus = 24 ; and the postulation or 
number of conditions to be satisfied is = 16 : the resulting capacity 
of the system is thus prim& facie, 16 — 24 = 8. It will, however, 
appear that in the system considered the true value is = 9. 

2. The primfi. facie value of the capacity being = 8, we are 
not at liberty to assume at pleasure three circles of the system. 
And in fact assuming at pleasure say 3 red circles, then touching 
each of these we have 8 circles, forming ^8.7.6.5, = 70, tetrads 
of circles : taking at random any one of these tetrads for the blue 
circles, the remaining red circle has to be determined so as to 
touch each of the four blue circles, that is by four instead of three 
conditions; and there is not in general any red circle satisfying 
these four conditions. But the 8 tangent circles do not stand to 
each other in a relation of symmetry, but form in fact four pairs 

• Proc. Gamb. Phil. Soc, VoL vn. 
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of circles ; and it is possible out of the 70 tetrads to select (and 
that in 6 ways) a tetrad of blue circles, such that there exists 
a fourth red circle touching each of these four blue circles. We 
have thus a system depending upon 3 arbitrary circles, and for 
which, therefore, the capacity is = 9. It is (as is known) possible, 
in quite a different manner, out of the 70 tetrads to select (and 
that in 8 ways) a tetrad of blue circles such that there exists a 
fourth red circle touching each of these four blue circles — but the 
present paper relates exclusively to the first mentioned 6 tetiuds 
and not to these 8 tetrads. 

3. I consider in the first instance a particular case in which 
the three red circles are not all of them arbitrary, but have a 
capacity 9 — 1, = 8 ; and pass from this to the general case where 
the capacity is = 9. Calling the red circles 1, 2, 3 and 4 ; I start 
with the circles 1, and 2 arbitrary, and 3 a circle equal to 2 : the 
radical axis, or common chord, of the circles 2 and 3 is thus a line 
bisecting at right angles the line joining the centres of the circles 
2 and 3, say this is the line il. We have then four circles, each 
having its centre in the line n and touching the circles 1 and 2 : 
in fact the locus of the centre of a circle touching the circles 1 and 
2 is a pair of conies, each of them having for foci the centres of 
these circles : the line il meets each of these conies in two points, 
and there are thus on the line il four points, each of them the 
centre of a circle touching the circles 1 and 2. But the equal 
circles 2 and 3 are symmetrically situate in regard to the line fl ; 
and it is obvious that the four circles having their centres on the 
line ft, will each of them also touch the circle 3 ; we have thus 
the four blue circles ; each of them with its centre on the line ft, 
and touching each of the red circles 1, 2 and 3. And it is more- 
over clear that taking the red circle 4 equal to 1 and situate 
symmetrically therewith in regard to the line ft, then this circle 
4 will touch each of the blue circles: so that we have here the 
four blue circles, each of them touching the four red circles. As 
already mentioned the blue circles have their centre on the line 
ft, that is the line ft is a common orthotomic of the four blue 
circles. 

4. By inverting in regard to an arbitrary circle we pass to the 
general case ; the line ft becomes thus a circle ft, orthotomic to 
each of the blue circles. 

Starting ah initio, we have here at pleasure the red circles 
1, 2, 3: the circle ft is a circle having for centre a centre of 
symmetry of the circles 2 and 3, and passing through the points of 
intersection (real or imaginary) of these two circles ; the circles 
2 and 3 are thus the inverses (or say the images) each of the other 
in regard to the circle ft. We can then find 4 circles each of 
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them orthotomic to CI, and touching the circles 1 and 2 : but a 
circle orthotomic to fl is its own inverse or ima^e in regard to H ; 
and it will thus touch the circle 3 which is the image of 2 in 
regard to fl. We have thus the four blue circles each of them 
touching the red circles 1, 2 and 3 ; and then taking the red circle 
4 as the inverse or image of 1 in regard to fl, this circle 4 will 
also touch each of the blue circles. Thus starting with the 
arbitrary red circles 1, 2, 3, we find the four blue circles and the 
remaining red circle 4, such that each of the blue circles touches 
each of the red circles. Since in the construction we group 
together at pleasure the two circles 2, 3 (out of the three circles 
1, 2, 3) and use at pleasure either of the two centres of symmetry, 
it appears that the number of ways in which the figure might have 
been completed is = 6. 

5. The blue circles have a common orthotomic circle XI, that 
is the radical axis or common chord of each two of the blue circles 
passes through one and the same point, the centre of the circle II. 
The figure is symmetrical in regard to the red and blue circles 
respectively, and thus the red circles have a common orthotomic 
circle il\ that is the radical axis or common chord of each two of 
the red circles passes through one and the same point, the centre 
of the circle fl'. 

6. Projecting stereographically on a spherical surface, the 
four red circles and the four blue circles become circles of the 
sphere ; and then making the general homographic transformation 
they become plane sections of a quadric surface ; we have thus the 
theorem that on a given quadric surface it is possible to find four 
red sections and four blue sections such that each blue, section 
touches each red section ; and moreover the capacity of the system 
is = 9 ; viz. 3 of the red sections may be assumed at pleasure. But 
(as is well known) the theory of the tangency of plane sections of 
a quadric surface is far more simple than that of the tangency of 
circles : the condition in order that two sections may touch each 
other is simply the condition that the line of intersection of the 
two planes shall touch the quadric surface. And we construct as 
follows the sections touching each of three given sections : say the 
given sections are 1, 2, 3 ; through the sections 1 and 2 we have 
two quadric cones having for vertices say the points d^^ and i , 
(direct and inverse centres of the two sections): similarly through 
the sections 1 and 3 we have two quadric cones vertices d^ and i^^ 
respectively, and through the sections 2 and 3 we have two 
quadric cones vertices d^ and i^ respectively ; the points d,^, i,,, 
^18 » *i8» ^88 » *28 1^^ three and three in four intersecting lines or 
axes, viz. these are d d^^d^^, dJJ^^, dJJ^^, d^Vsi respectively. 
Through any one of these axes say d^d^^d^^y we may draw to the 
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quadric surface two tangent planes each touching the three cones 
which have their vertices in the points d^^ d^y d^^ respectively; 
and the section by either tangent plane is thus a section touching 
each of the three given sections 1, 2, 3 ; we have thus the eight 
tangent sections of these three sections. 

7. Taking as three of the red sections the arbitrary sections 
1, 2, 3 ; and grouping together two at pleasure of these sections, 
say 2 and 3 ; we may take for the blue sections the two sections 
through the axis d^d^^d^^, and those through the axis dji^^\^ ; we 
have thus the four blue sections touching each of the given red 
sections 1, 2, 3 ; and this being so, there exists a remaining red 
section 4 touching each of the blue sections ; we have thus the 
four blue sections touching each of the red sections 1, 2, 3 and 4. 
This implies that the vertices or points d^ and d^ lie on the axis 
^M^8i^u» *^^ *^^* *^® vertices or points i^ and i^ lie on the axis 
^ssSAi' ^^ what is the same thing that the four sections 1, 2, 3, 4 
have in common an axis d^d^d^^d^d^ and also an axis dji^^jiji^. 

8. If the quadric surface be a flat surface {surfdce aplatie) or 
conic, then the red sections become chords of the conic ; the axes 
are lines in the plane of the conic, and thus the tangent planes 
through an axis each coincide with the plane of the conic, and 
it would at first sight appear that any tneorem as to tangency 
becomes nugatory. But this is not so ; comparing with the last 
preceding paragraph, we still have the theorem : on a given conic, 
taking at pleasure any three chords 1, 2, 3, it is possible to find a 
fourth chord 4, such that the four chords have in common an axis 

^m^n^n^u^u ^^^ ^^ ^° ^^^^ ^mVai%^M' -^^^ *^® analytical 
theory (although somewhat complex) is extremely interesting. 

Considering the conic a?<2r — y* = 0, the coordinates of a point on 
the conic are given hy x:y:z = l :0 iff', or say any point of the 
conic is determined by its parameter ff ; and this being so, consider- 
ing any three chords 1, 2, 3, 1 take as for the two extremities of 1 
the values e, ^; for those of 2 the values a, /3 ; and for those of 3 
the values y, S; the remaining chord 4 is to be determined as 
above« and I take for its two extremities the values E, Z, 

9. Starting with the chords 1, 2, 3, we have each of the 
points d^, &c. as the intersection of two lines, viz. these are 

^ , (xaS '•y(a+h) + z = 0, « . (xay -y (a +y) + z = 0, 
''''' '*»W7-y()9+7)+^ = 0, *'''' '«t^)9S-y()9 + S)+^ = 0, 

Uaf-y(a+?) + ^ = 0, . (xae - y(a + e) + z=^0, 

/^?-y (7+0+ -2^=0, . (ocy€-y(y + €)+z = 0, 

" '^"H6-y(S+€) + ^ = 0, " "V8r-3/(S+ 0+^ = 0, 

VOL. VIII. PT. II. 5 
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and we thence find withont difficulty for the axis d^Ji„ the 
equation 

+ y {08-a)(7S -<) + (S -7)(€r-fl^) + (?-€)(«^- 7S)} 
+ ^{ _ (&-7O- (fa-eyS)- C87-aS)} = 0, 

and the eqaation of the axis dji^^ is obtained herefrom by the 
interchange of e and (^ 

10. The points d^ and d^ will lie upon the first mentioned 
axis if only d^ lies upon this axis, vis. if we have 

{ tt0iie-yO+ 7«(ra-€/3)+ e^(fiy-ai)} 

(fi + E-a-Z) 

+ K/3 - «) (78 - e?) + (8 - 7) K- <^) + (? - «) (afi - J^ 

{fiE - aZ) 

+ { - (S€-70- (^-€fi)- (/87-«8)} 

Reducing this eqaation, the &ctor a — fi divides oat, and we 
finally obtain 

(7-«)038+r^(6-^ 

+ (/3-S)(<*y+d^(?--Z) 

+ {<^-fiy)i€^-EZ) 

+ iafi-yB)(€Z-tE)^0; 

say this is 

A+BE+CZ+DEZ=0, 

where 

B (7-«)/8S _(«^_^)(^+ (/3-S)6?, 

C^ (|8-S)«y + ((?/8-78)6 . + (7-a)c?. 

i?^ (a8-/*y)-08-S)c-(7-a)r 

viz. this is the condition for the existence of the axisf2„(2„(2„(2^(2„. 

We interchange herein e, ^ and also E, Z, and we thus obtain 

A' + CE+FZ+iyEZ= 0, 

where 

A'= {;8-S)o7€+(7-o)/9S?+(oS-/37)cf, 

C = -(fi-B)a^ . +(0/8-78)?+ (y-a)e^, 

iy = -(aS-fiy)-(y-a)e -(/3-S)r 
viz. this is the condition for the existence of the axis d^^^^i^^^^^i^^. 
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11. I remark that we have 

^'=il+a(e-.?), 5' = B+b(e-?X 

C"=0 + c(€-0. i)' = Z) + d(6-a 
where a = O - 8) 07 - (7 - a) /3S = a/3 (7 + S) - 78 (« +i3), 

b = c = 78 — a^ 

d= a + )9-7-S, 

and further that 

5-C=a/3(7 + 8)-7S(a + /8) + (78-a)8)(6+f) 

+ (a + y9-7-S)6?, 
say this is U. 

12. It thus appears that for the determination of E^ Z we 
have 

A +BE + CZ +DEZ = 0, 

A'+ CrE+ B'Z+ iyEZ=0. 
Eliminating Z we find 

A + BE C + DE 
A'-^-CTE'^B + D'E' 
that is 

iAR''AV) + (Aiy^A'D + BR'-GO')E+(Biy''B'D)E'^0; 

upon reducing the coefficients of this equation it appears that they 
contain each of them the fSsujtor 11, and throwing out this factor, 
the equation is 

€ [0/8(7-8) + 7S()8-a) + (aS-)97)f] 

+ [- ay3 (7 - S) - 78 (/9 - a) + (a8 -/3y)€ 

+ (>87-a8-()9 + 7-a-8)^ = 0; 

this contains obviously the factor E — e, or throwing out this 
faqjbor, we have for E the simple equation 

{o^ (7-- 8) +78 08-- a)} + (a8 -)97)(^+ f) 

and in a similar manner it may be shown that the two equations 
give for Z the like simple equation 

{a)8(7-8) + 78(/3-a)} + (a8-)87)(Z + €) 

-f (i8-^a + 7-8)€^= 0, 

viz. starting from the chords 1, 2, 3 which depend on the para- 
meters (e, f), (a, fi), (7, 8) respectively, these last two equations 
give the parameters (E, Z) of the chord 4. 

5—2 
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Monday, February 27, 1893. 

Pbof. T. McK. Hughes, President, in the Chair. 

The following Communications were made to the Society : — 

(1) On the histology of the Blood of Rabbits which have been 
rendered immune to Anthrax, by LiM Boon Keng, M.B. (Edin.). 

Abstract, 

The research was conducted in the Pathological Laboratory of 
the University. The rabbits were rendered immune to anthrax 
by inoculation with the lymph and blood of frogs which had been 
subjected to various treatment Previous observers had succeeded 
in conferring immunity with the use of similar substancea The 
object of the investigation, however, was to ascertain the changes 
in the character and relative number of the white cells of the 
blood after protective vaccination and after the introduction of 
virulent anthrax. 

From four to several hours after the injection of the vaccine, 
a great increase in the number of the white cells is noticeable ; 
and the most remarkable feature is the augmentation in number 
of the coarsely granular (eosinophile) corpuscles. The relative 
proportion in the numbers of the diflferent varieties of cells is 
therefore altered, so that instead of forming only from 2 to 4 per 
cent, of the total number of white cells, the eosinophile corpuscles 
now constitute about 10 to 25 per cent. This increase persists 
only a short time, and on the third day the cells may have 
returned to a normal condition ; and at this stage hyaline cells 
ingesting granular cells may be detected in numbers in certain 
localities. Although the blood has thus apparently returned to 
the normal condition, it is found that the state of eosinophile 
leucocytosis is rapidly reproduced, on the introduction of virulent 
anthrax. After inoculation with a virulent culture of the microbes, 
the eosinophile cells appear in great numbers, so that they may 
form 50 per cent, of the white corpuscles, and in one instance an 
even higher percentage was found. These cells are not only 
increased in number but are also larger and have larger granules. 
Similar changes were observed in Guinea pigs rendered immune 
by Dr HafFkine to the comma bacillus. 

In non-vaccinated rabbits, the introduction of anthrax causes 
profound leucocytosis, but the cells are all very small and the 
eosinophile corpuscles are only slightly increased in number. 
General infection occurs in 36 to 48 hours, rapidly followed by 
death. 
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(2) On numei^ical Variation in Digits, in illustration of a prin- 
ciple of Symmetry, by W. Batesox, M.A., St John's College. 

Abstract, 

An account was given of cases of Variation in number of digits 
so occurring that the parts are symmetrical about a new axis in 
the limb. Of these the phenomena seen in the bones of a number 
of polydactyle Cats were chiefly important. The normal hind foot 
of the Cat has four toes, each bearing a claw retracted by an 
elastic ligament to a notch on the external side of the second pha- 
lanx. This circumstance differentiates digits formed as lefts from 
those formed as rights. As extra digits are added on the internal 
side of the limb the symmetry changes. The limb being taken as a 
right, the variations seen are as follows. (I) Hallux present, making 
five digits : index is then in form intermediate between right and 
left. (2) Six digits present, internal having two phalanges : the 
three external digits are then normal rights, the next two are lefts; 
the internal, having a non-retractile claw, is indiflferent. (3) Six 
digits present, internal having three fully-formed phalanges and 
retractile claw : the three externals are then normal rights, and 
the three internals are left digits, thus forming two groups in 
bilateral symmetry about an axis passing between the digits 
having the relations of index and medius. Several cases of 
"double hand" in Man form a similar progressive series, and 
analogous facts in other animals were instanced. 

Monday, March 13, 1893. 
Prof. T. M^K. Hughes, President, in the Chair. 

H. K. Anderson, M.A., Gonville and Caius College, was elected 
a Fellow of the Society. 

The following Communications were made to the Society : — 

(1) On a compound of gold and cadmium. By C. T. 
Heycock, M.A., King's College. 

(2) On the Spectra of electric discharges without electrodes 
through gases. By H. F. Newall, M.A., Trinity College. 

(3) Exhibition of some photographs of the Solar Spectrum 
by Mr Geo, Higgs, By R. T. Glazebrook, M.A., F.R.S., Trinity 
College. 

(4f) An expeiHment on the vibrations of a spiral spring. By 
L. K. WiLBERFORCE, MA., Trinity College. 
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Monday, May 1, 1893. 
Pbof. McK. Hughes, Pbesident, in the Chair. 

The following Communications were made to the Society : 

(1) On the torsional strength of a hollow shaft By H. M. 
Macdonald, M.A., Clare College. 

Saint- Venant in the eleventh chapter of his Memoir on the 
Torsion of Prisms, 1855, deals with the case of hollow prisms, 
but in the cases there considered the bounding surfaces are con- 
centric. 

In the Phil. Mag,, Jan. 1892, Mr Larmor investigated the 
shear at the surface of a hollow in a prism, the dimensions of 
the hollow being supposed small compared with its distance from 
the outer surface of the prism. 

The object of the following is to consider the case of a prism 
whose bounding surfaces are any two cylindrical surfaces of 
circular section. 

1. Take as axes of x and y the radical axis and the line of 
centres of the two circles in which a plane perpendicular to 
the axis of the prism cuts it, and as axis of z the straight line 
through their point of intersection parallel to the axis of the 
prism. 

Then the displacements are 

w = — Tyz\ 

V t= Tzx[ (1), 

where t is the twist per unit length of the prism and (f> satisfies 
the equation 

dS + df = ^ (2) 

throughout the matter of the prism, and 



^i+^^.^-^i^y-^) (3) 



dx dy 

at every point of the boundary of a cross-section, /, m being 
the direction-cosines of the outward-drawn normal. 

Let yjr be chosen so that <f> and yjr are conjugate functions of 
X and y ; then yjr satisfies the equation 

^^^'0 « 
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throughout the matter of the priam, and 

^=^(^ + y') + (7 (3') 

at the boundary, where (7 is an arbitrary constant which will 
not be the same for the two bounding circles. 

Transforming to f , 17 where 

a? + ty = c tan i (f + tiy), 
•^ satisfies 

from 1; = a to »;= )9, and 

, TC* cosh 17 , . ._. 

'^^ — i: *. -^const (6) 

^ cosh 17 + cos f 

when 17 = a and when 17 = y9, 

17 = a being the outer bounding circle, and 
17 = y9 the inner. 

Equation (5) may be written 

'i^ = 2Tc2cothi7i;(-)»e-»'»coswf+(7 .........(5') 

1 

when 17 = a or )9. 

Assume -^ = 2 (-)« {A^e-"^ + B^e'^) cos nf .(6), 



.(7). 



>• 0/ x« ,e"^coth/8-e-2^cotha\ 
then An = 2 (-)« tc« ^-2,:^^^-2na 

B -2( xn^^. coth/3-cotha 

Therefore 

_ o ^ V / xn g""^ coth)3 sinh n(^7-a)-e"^coth asinh n (v—l3) 
>fr-ZTC» 2^( ) sinhn()8-a) 

coswf ...(8), 

and 

,_g. 2 V / \n g""^coth)8cosh yi(^- a)-e "^c othacoshn( 7;---y3) 

sinnf ...(9); 
hence the displacements are known. 
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2. To obtain the twisting couple, we have 

- 4. h^f^ f. ng"*>^'+^^ __ / cosh* fi ^ cosh« a\ 
"" 1 sinh w (yS — a) \sinh*^ sinh* a/ * 

Also 

where c cosech a = a the radius of the circle 17 = a, 

c cosech/8 = a' the radius of the circle 1; = )8, 
and 

c (coth a — coth/8) = 6 the distance between their centres. 

Hence if N is the twisting couple, and n the rigidity of the 
substance of the prism, 

= -?r (ar — CL ) " WTO c 2 — 



n 2 ^ 1 sinhwO — a) ' 

= ^ (a* - a'*) - 27rT6V {cosech'^S + cosech* (2y9 - a) 



.4^/6 



+ cosech' (3)8- 2a) + ...} 

If a' is sn^tll, we have 

- = i7rTa*-27rT6'a'*, 
n 

and if t© is the twist per unit length in a solid cylinder of radius a 
due to the same twisting couple 
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If there should be any number of such cavities placed so that 
the areas over which their effect in changing the shear is signifi- 
cant do not overlap, the twist is given by 

. = r./(l-tw)=r./(l-4), 

where / is the moment of inertia of the area of the cross-section 
of the cylinder, and /' of the cavities about the axis of the cylinder 
supposed solid ; and if F is small compared with I 

I' 



= To(l+2j). 



3. To find where the shear is greatest. 

It is stationary in value when f = or tt and is then given by 

,f) cosh ff + l dyfr , 

5=r — Tctanh jjH ^ when f = 0, 

2 c drj ^ » 

and s^i'-rc coth ^ o^ when f = tt. 

2 c orj * 

Writing 

sinh?; 



^ \cosh 17 H- cos f / 



^ , ^ (-)" e-~* sinh n (w - i9) cos nf 

- 2t6c 2 ^—^ 7-r — 7-^-^ — r^ , 

J smn n (y3 — a) 

we have, when f = 0, 

s^^TC tanh ^ + tc coth B 

2 

^ ' I smhn()9 — a) 

^ smh n (y9 - a) ' 

When 7; = /8, 

T- = -^ a sech" — - 2tD 2 ^. \ — TB ^ ; 

di; 2 2 . smhnO-a) * 
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putting p = e"^+% q =* e"^ 



^(1 






ds . 
Now 9 and p are less than unity ; therefore ^ is positive when 

17 = )9 and 8 diminishes with 17. 
When 1; = a, 

hence when 17 = a, -j- is negative, and 8 diminishes as 17 increases ; 

therefore 8 is greatest when 17 = y9 or 1; = a, f being zero. 
When f=7r, 

xi.^ xi. zi . o L/ I. TV ^»€""*coshw(i7— /8) 

g = --TCcoth| + TCcothj8 + 2T&(coBhi7-l)2 8itihw(y3--a) ^ 

— and 8 are positive when 17 = A therefore « diminishes with 17, 

di7 

and when 17 = a, s diminishes as 17 increases. 



a'a'" 



When f=0, 17 = ^ » = 2t5 + ra' + 2t6 ^-^-jg5yi + 



a'" 



f=0, 17= a, s= Ta + 2T6 . _^^, + >.., 
f = 7r, i7 = P» «=2T6-Ta +7^5— prj+... , 

f = 7r, 17-a, ^ = ^™+/^^)«'^-" • 

The shear at the surface differs from that at the surface of 
a solid cylinder bv a quantity depending on the square and 
higher powers of the radius of the cavity, and if a > 26 + a , that 
is, if the cavity is at a distance from the axis of the outer 
surface less than half the radius of the cylinder, the shear is 
greatest at the surface and the strength of the cylinder is practi- 
cally unaltered if the cavity is small. If a < 26 + a\ that is, 
if the distance of the cavity from the axis of the cylinder exceeds 
half its radius, the shear is greatest at that point of the surface 
of the cavity which is most distant from the axis and is greater 
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than the greatest shear m the solid cylinder, so that the existence 
of a small cylindrical cavity at a distance from the axis greater 
than half the radius reduces the strength of the cylinder in the 
ratio a : 26 approximately. 



4. When i7 = /3 — mcr, f = 0, s = t6 



l + (-) |. neglectmg 
powers of a', that is, at a distance from the surface of the cavity 
\\jr\ — l[ a', the shear is t6 |l + f- j L This shews that the 
shear diminishes rapidly in the neighbourhood of the cavity; 
e»g. a = 26, at distance from surface of cavity a\ s = -7- , at 

distance 3a', 5 = ^^x6 etc., or a = -^ , at distance 5- > * = -q" * 

at distance -7- , ^ = — t6 etc. Hence we may suppose any 

number of cavities to exist provided that their . distance apart 
is large compared with their radius, and the strength of the 
cylinder will be determined by the cavity which is farthest 
from the axis. The geometrical axis of the cylinder will form 
a helix whose axis will be that of the centroids of the sections. 

From the expression for w we observe that the line of centres 
of each section suffers no displacement parallel to the axis of z^ 
and that every other element of the section does, the displace- 
ments of points symmetrical with regard to this line being of 
opposite sign. 

6. If we take as bounding surfaces 17 = a and 17 = — /3, and 
the axis o{ z z& axis of torsion, we obtain 



'^s=2TC*coth aS(— )'*^""**'cos wf from 7; = a to 17=00, 

1 

and ^ = + 2tc coth/82(— )**e'*'*^cosnf from 17 = — /8 to ?; = — on, 

1 

or -^ = TCy coth a from 17 = a to 7)= 00 , 

and ^ = — rcy coth /3 from 17 = — /8 to 97 = — 00; 

hence in this case, which is that of a prism formed of two solid 
circular cylinders outside one another, w = tcx coth a from 17 = a to 
17 = 00 , and w = — Tcx coth )8 from 17 = — /8toi7=— 00. 

The twisting couple is given by 
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If the cylinders are of equal cross-sections a^fi^ and the 
above are the actual displacements, namely a rotation round 
the axis of y of amount re coth a from x to z for the cylinder 
17 = a, and from z to x ior the cylinder 17 = — a. If the cylinders 
are not equal, we have to add to the above displacements a ro- 
tation Td round the axis of y, where d is the distance from the 
origin of the centroid of the section. 

(2) On the Astronomical Theory of glacial periods. By Dr 

E. W. HOBSON. 

(3) On Black Globes and some convenient uses ofikera. By 
J. Y. Buchanan, M.A., Christ s College. 

(4) A Provisional Theory of Kerr's Experiments on the Be* 
flection of Light from an Electromagnet. By A, B. Basset, M.A., 
F.R.S., Trinity College. 

The experiments of Eerr on the reflection of light from an electro-magnet can 
be explained by transforming the expressions for the amplitudes of the reflected 
waves, when the medium is transparent (Phil, Trans, 1891, p. 371), by assuming 
that in the case of a metal the refractive index is a complex quantity. 

1. Everyone who has devoted any attention to the history 
of Physical Optics cannot fail to have been struck with the 
fact that numerous theoretical results have from time to time 
been obtained, which are in close agreement with experimental 
facts, either by an imperfect theory or in some cases without 
anything which in the proper sense of the word can be called 
a theory at all. Cauchy, for example, towards the middle of 
the present century arrived at certain formulae giving the ampli- 
tudes of the waves reflected at the surface of a metal, which 
the experiments of Jamin and others have shewn to be fairly 
in accordance with experimental facts. Cauchy gave no proof 
of his formulae, and until attempts were made in Germany by 
von Helmholtz and others to construct theories based upon the 
mutual reaction between ether and matter, nothing in the shape 
of a plausible dynamical theory of metallic reflection could be 
said to exist. At the same time, it will no doubt be conceded, 
that the attempts made by Cauchy and others to elucidate the 
difficulties connected with this subject, coupled with the fact 
that formulae were actually obtained which may be regarded 
as an empirical representation of the facts, were of distinct 
scientific value, and have been, and no doubt will be in years 
to come, of great assistance to men who are desirous of probing 
this question to the bottom. 

Impressed with the importance of employing every possible 
means of throwing light upon the curious and interesting pheno- 
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mena observed by Ken** when polarized light is reflected from 
a magnetized medium, I have endeavoured to arrive at formulae 
for the amplitudes of the reflected light which give results in 
agreement with his experiments, and may therefore be regarded 
as an empirical representation of the facts. I shall therefore 
first explain how the formulae may be obtained ; I shall then 
discuss their application with reference to Kerr s experiments ; 
and I shall lastly consider the theoretical difficulties which lie 
in the way of placing them on a satisfactory dynamical basis. 

2. Cauchy's formulae for metallic reflection can be obtained 
from FresneFs sine and tangent formulae in the manner ex- 
plained in §§ 372 — 5 of my book on Physical Optics ; and since 
the principal incidence / and the principal azimuth /8 can be 
determined by experiment, the two constants R and a, where 
iie'* is the pseudo-refractive index, can be calculated. 

Adopting the notation of my book, it follows from equations 
(23) and (24) of § 375, that 

jBccos/=sin*/] n\ 

2l3=a-\-u) ^ ^• 

By (7) of § 372 combined with these equations we readily 
obtain 

tan 2a ^ Z^^ ,, (2), 

cos4^ + cot2/ ^ ^' 

which determines a. 

Eliminating c from (7) of § 372, we get 

pa __ sin' / sin 4^ 

^"" sin (4/3 -2a) ^"^^^ 

which gives R, The values of c and u, when the angle of incidence 
is equal to the principal incidence can now be obtained from 
(1) and (2) ; but for other incidences their values must be found 
from (7) of § 372. 

There is another angle which is denoted in § 376 of my book 
by TT — x* which is called by French writers the azimuth at which 
plane polarization is restored — Vazimuth de polarisation retahlie, — 
This angle has been determined experimentally by Jaminf and 
others, and an account of the results will be found in Mascart's 
Traits dJOptique, vol. II., p. 524 &c. He denotes this angle by 6^ , 
and the principal azimuth by G ; and it can readily be proved that 

tan ^, = tan' (7= tan' /3 
in my notation. 

* Phil Mag, May 1877, March 1878. 

t Ann. de Chim. et de Fhys, (3), Vol. xxii., p. 311. 



70 Mr Basset, A Provisional Theory of Kenrs [May 1, 

The table given on § 883 of my book was taken from 
Eisenlohr's paper* referred to below, from which it appears that 
throughout the visible spectrum, the value of a for steel is less 
than 45°. I now find that his results are wrong, and that he 
has published a corrected table in a subsequent paper-f*, in which 
he finds that for steel a is about equal to 56°. This result 
destroys the hopes which I lately entertained of constructing 
a satisfactory electromagnetic theory of Kerr's experiments by 
taking into account the conductivity combined with Hall's 
eflfect. 

As a good deal turns on the values of the constants i2, a and 
Uy I have calculated their values independently by means of the 
formulae (2) and (3). 

Since the source of light in Kerr's experiments was the flame 
of a paraffin lamp, I shall calculate the values of the quantities 
for line D when the metal is steel. For this line Jamin| gives 

^,= 16° 48', 7=76° 40', 

from which I find, (since tan 0^ = tan" /8), 

i8 = 28°48', a = 55° 53', w = r43', 
log R = -577749, R = 37823. 

In the paper in Wied. Ann. Eisenlohr gives the following 
values, viz. for line D in the case of steel, 

a = 56° 5', log i2 = -6084. 

Sir John ConroyS gives the following values for the principal 
incidence and azimuth for steel 

7 = 76° 48', /S = 27°53', 

from which I find 

a = 54° 16', M = l°30', 

log 12 = -6132602, i2 = 41045. 

Sir J. Conroy states (p. 32) that a soda flame was used as 
the source of light; but it appears from Jamin's experiments 
that R and a are subject to chromatic variations. There is how- 
ever a fairly close agreement between the three sets of numbers. 

The value of u of course depends on the angle of incidence; 
the foregoing results give its value at the principal incidence. 

* Pogg, Ann. Vol. civ., p. 368. 

t Wied. Ann. Vol. i., p. 205. His A, H, c and are my I, /3, a and R. In this 
paper there appears to be a misprint, viz. tg (or tan) ought to be log. 

X Ann. de Chim. et de Phys. (3), Vol. xxn., p. 311 ; Mascart, TraiU d'Optiqiu 
Vol. II., p. 639. 

§ Proc. Roy. Soc. Vol. xxxv., p. 33. 
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It is, moreover, worthy of note that u is a very small angle, whose 
maximum value is less than 2"". 

3. In a paper published in the Phil. Trans, for 1891 I 
deduced formulae giving the amplitudes of light reflected at the 
surface of a transparent magnetized medium, by means of the 
hypothesis that Hall's eflect can exist in dielectrics. When 
the lines of magnetic force are perpendicular to the reflecting 
surface the equations giving the amplitudes A\ B' of the reflected 
wave in terms of the amplitudes A, B of the incident wave are 
(30) and (31) of that paper, and are as follows : 

-4 ( ?7cos i — Fcos r) 



A' = 



Ucosi + Vcoar 



2iqBV cos i ... 

■*■ f^(D^cosr+Fcosi)(ircosi + Fcosr) ""^ ^' 

jy__ jB(?7cosr — Fcos^) 
J7cosr+ Fcosi 

2iqAVcosi .^v 

t/'(f/'cosr + Fcosi)(trcost + Fcosr) ""^ ^' 

where U, V are the velocities of light in air, and in the transparent 
medium when unmagnetized, i and r the angles of incidence and 
refraction, and q a quantity which is directly proportional to the 
magnetic force. The magnetic permeability k is supposed to 
be unity * and the directions of the various quantities are shewn 
in the figure. 

Fig. 1. 




I shall now transform these formulae in the same manner 
as Eisenlohr has transformed Fresnel's sine and tangent formulae, 

• In the case of an iron reflector we have no right strictly speaking to put k 
eqnal to unity; but as the formulae which will ultimately be deduced are of a 
tentative character and do not profess to be founded upon a rigorous dynamical 
theory, little would be gained by retaining k, 

[Prof. J. J. Thomson suggests on p. 422 of his Electricity and Magnetism that 
iron may not retain its magnetic properties when subjected to such rapidly alternat- 
ing waves as waves of light. Sep. 1893.] 
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using the notation of §§ 372 — 376 of my book on Physical Optics, 
and distinguishing the equations referred to by square brackets. 

By § 372, the first term of (4) becomes 

2tv« 

- &Ae ^ , 
where the value of SL is given by [9], and 

27re 2Rc cos i sin (a + u) 



tan 



JtPo* — cos* i 



.(6). 



The second term of (4) becomes 

^Bq(P^iQ), 
where 

P = — y^ — [R cos" i sin 2a + Re* sin 2 (a — w) 

+ c cos i sin (3a — u) + i2*c cos i sin (a — t*)} 

Q = — py^j — {12 COS* i cos 2a + i2c" COS 2 (a — w) 

+ c cos t COS (3a — u) + jR"c cos i cos (a — u)} 



...(7). 



and 



J5 = {R* cos' i + c" + 2Bc cos i cos (a — u)} {iiV + cos' i 

+ 2Rc cos i cos (a + u)]. 

By § 374, the first term of (5) is 



iSBe 






where the value of 33 is given by [15], and 

27re' 2Rc cos i sin (a — u) 



tan 



iJ*cos*i-c' 



.(8). 



Case I. Let the incident light be polarized in the plane of 
incidence and be of amplitude unity, then B = 0. Also let 

<f> = (27r/\) (x cos i + z sin i — Vt), 

e^ = 27re/\, e/ = 27rel\. 

Then if f, 97 be the two component vibrations of the reflected 
wave perpendicularly to, and in the plane of incidence 

f=-gl6'^*+^^) = -(acos(^ + e,), 

17 = - 9 (P - tQ) €'* = - 5^ (P cos ^ + Q sin </>). 
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In fig. 2, the observer is supposed to be looking through an 
analyser at the point of incidence along the reflected ray; if 

Fig. 2. 




therefore the analyser be placed in the position of extinction Ot), 
and be then turned through a very small angle towards the 
right hand of the observer, the emergent vibration will be 

— ^ sin ^+ 97 cos 0=^^0co8((f>+e^) — q(P cos ^ + Qsin ^), 

since is very small. Whence the intensity /" of the emergent 
light is 

/• = a*^-2ag(Pcos«,-Qsine.)^ + <y'(P« + Q«)...(9). 

If we put / = 0, this is a quadratic equation for determining 
the values of for which the intensity vanishes, and we see that 
both roots must be of the same sign ; also both will be positive 
provided the coefficient of ^ in the second term be positive*. If 
therefore q be positive, this condition will be satisfied provided 

Pcos^j — Qsine, >0 (10). 

Omitting the extraneous factors in (7), which are positive, the 
condition becomes 

R cos" i sin (2a — e^) + Rc^ sin (2a — 2u — e^)-\-c cos i sin (3a — w — «,) 

+ R*c cos i sin (a — i^ — ^j) > . . .(11). 

Taking the values of R and a furnished by Sir J. Conroy's 
observations of the principal incidence and azimuth, it can be 
shewn by actual calculation that this inequality is always satisfied. 
From [7] it at once follows that tt = at normal incidence, and 
I find that at. grazing incidence m = 1°35' about; u is therefore 
an exceedingly small positive angle. At grazing incidence «, = 0, 
whilst at normal incidence I find by calculation from (8) that 

e, = 22° 48'. 

* The last tenn of (9) is so smaU that it may generally he omitted ; at the same 
time the first experiment descrihed on p. 3S5 of my hook shews that it is capable of 
ptodxjuang a sensible effect. 

VOL. VIII. VT. IL 6 
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By means of these values it can be seen by inspection that each 
term of (11) is positive for all incidences. The same result follows 
from Eisenlohr's corrected table. 

Having regard to the directions in which the quantities are 
measured in my paper in the Phil, Trans,, it follows that when 
q is positive the amperean current which magnetizes the electro- 
magnet circulates from the right hand towards the left hand of 
an observer who is looking at the point of incidence through 
the analyser*; whence is positive, and consequently in order 
to extinguish the light produced by magnetic action the analyser 
must be rotated towards the right hand of the observer, that is 
in the opposite direction to that of the current. On the other 
hand a rotation in the same direction as that of the current, or 
a reversal of the direction of the current strengthens the light 
restored from extinction. All these results agree with Kerr's 
experiments. 

It ought to be noticed that the reflected light is really ellipti- 
cally polarized, but as the magnetic term q is exceedingly small 
the portion of the intensity which depends upon (f is compara- 
tively unimportant, and the reflected light is approximately plane 
polarized. 

Case II. We must now consider what happens when the 
incident light is polarized perpendicularly to the plane of in- 
cidence. 

In this case -4 = 0, and we may take -8=1; whence the re- 
Pig. 3. 
7 




fleeted vibrations are 

f = -5(P-,Q)e^ = -5(Pcos </»-[- (2 8in0), 
^ = 33e'<*+*»'^ = 33 cos {4> -H e{). 

* [The value of q is Gf^l^r, where C is Hall's oonstant, |g the magnetizing force 
which acts along the axis of z and r the period. The value of C for iron is positive 
(see J. J. Thomson, Electricity and Magnetism, p. 488). On p. 398 of my book, 
line 19, read " Hall's constant" for " Hall's effect." Sep. 1893.] 
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Let the analyser be placed in the position of extinction Of, 
and be then turned through a small angle towards the right 
hand of the observer ; the emergent vibration will be 

- f cos ^ - 17 sin ^ = g (P cos ^ + Q sin <^) - J8^ cos {<f> + e/), 

and consequently 

/• = J8>^- 2J8<?(Pcos < - Qsme^')0-hq'(P' + Qy 

Whence if 5 is positive, the rotation of the plane of polarization 
will be in the. opposite or in the same direction as the amperean 
current, according as the coefficient of is positive or negative. 
We have therefore to examine the sign of 

P cos e/ — Q sin «/, 
or by (7) of 

R cos*i sin (2a — e/) '\-Rc^ sin (2a — 2u — e/) + c cosi sin (3a — u — e() 

+ JK*c cos i sin (a — t* — e/) . . .(12). 

The value of tan e^^ is given by (8), and is positive at normal 
incidence, and the value of e^ as stated in Case I. is about 22° 48'. 
But if i is very nearly equal to 90°, tan «/ becomes a very small 
negative quantity, and therefore when i = 90°, e/ = tt; and under 
these circumstances the most important term in the above ex- 
pression is 

Re" sin (2a - 2w - e/), 

which is nearly equal to 

— jBc' sin 2 (a — w), 

that is a negative quantity. We therefore see that if the angle 
of incidence be supposed to increase from normal incidence to 
grazing incidence, the rotation of the plane of polarization is 
at first in the opposite direction to that of the current, but it 
afterwards diminishes and vanishes, and finally takes place in the 
same direction as that of the current. 

It would seem that Kerr did not particularly examine the 
effect produced at nearly grazing incidence; Kundt* however 
found that in the case of an iron electromagnet, the rotation 
was in the opposite direction to that of the current until the 
angle of incidence became equal to about 82° when it vanished 
and changed sign, taking place in the same direction when the 
angle of incidence lay between 82° and 90°. 

To find the exact value of the angle which makes the ex- 
pression (12) vanish and change sign would necessitate some rather 
laborious numerical calculations; it is however not diflicult to 
shew that it is positive when the angle of incidence is equal to 

* Berlin. Sitzungsherichtey July 10th, 1884 ; translated Phil. Mag. Oct. 1884, p. 308. 

6—2 
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the principal incidence, that is when i = 76° 48'. To do this, 
we observe that at the principal incidence, 

< = «t + i^-, 
so that the expression to be examined becomes 

— R cos' i cos (2a - e^) - E(^ cos (2a — 2tA - e^) 

— c cos tcos (3a — M — e^) — IPc cosi cos (a — tt — e^) (13). 

From (6) it follows that at the principal incidence 

__ sin* 2/ sin (a + u) 

^'''''" 2^'(7r-2/) ' 

Irom which I find that 

^, = 5^12', 
whence 

2a - ^j = 103° 20', 2a - 2t^ - e^ = 100° 20', 
3a - w - «, = 156° 6', a - 1* - 6, = 47° 34', 

from which it follows that all four terms of (13) are positive except 
the last. By calculation I find that 

- Re* cos (2a - 2tt - e^) = "75288, 

R'c cos 7 cos (a — M — e^) = '26251, 

accordingly the expression (13) is positive, and therefore at the 
principal incidence the rotation is in the opposite direction of 
the current, and must vanish and change sign for an incidence 
greater than 76° 48'. 

All the foregoing results, so far as they are qualitative, agree 
with experiment, and the quantitative result which has just been 
obtained appears to indicate that more elaborate calculations 
would shew that the change in the direction of rotation would 
occur at an angle which does not differ very much from 82°. 

4. We must now consider the case when the magnetization 
is parallel to the reflecting surface and also to the plane of in- 
cidence. 

The equations which give the amplitudes of the reflected light 
when the medium is transparent are (47) and (48) of my paper in 
the Phil Trans, and are as follows : 

,__ J. (?7cost — Fcosr) 2t5'-BFtanrcosi 

CTcos i+Fcos r U(U cos i +Fcos r)([7cos r + Fcost) 

......(14), 

jr, _ _B (CTcosr — Fcosi) 2iqAVtB.nrcosi 

"" UcoQr + Fcosi J7'(t/'cosi + Fcosr)(?7cosr+Fcost) 

(15). 

k being put equal to unity as before. 
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We have now to transform these equations. The first terms 
on the right-hand sides merely lead to Cauchy's expressions; 
whilst the coefficient of B in the second term of (14) is 

whence 

P^ = -mfi — l^ cos* i sin {a — u) + jRc'sin (a — Su) 

+ c cos i sin 2 (a — tt) — B^c cos i sin 2u] 

-B* sin 2i 
Qj = yap. — {B cos* i cos (a — ia) + iic* cos (a — 3u) 

+ c cos i cos 2 (a — tt) + i?c cos i cos 2w} 



....(16). 



Case III. Let the incident light be polarized in the plane 
of incidence and be of amplitude unity ; then £ = 0, and we shall 
find in exactly the same manner as in Case I. that if q be positive, 
the rotation of the plane of polarization of the reflected light will 
be towards the right hand of the observer if 

Pj cos e^ — Qj sin e^ > 0. 

Omitting extraneous factors, this condition becomes by (16) 

R cos'i sin (a — t/ — e^) +iic*sin (a — 3t^ — e^) + c cost sin (2a— 2w— «j) 

- B^c cos i sin (2u + «,) > 0. . .(17). 

Since the magnetic terms contain sin 2i as a factor, it follows 
that they must vanish at normal incidence which agrees with 
experiment. They also vanish at grazing incidence, which also 
agrees with experiment, for Kerr found that at 85"* the magnetic 
effects were very faint, but grew stronger as the incidence 
diminished to about 60^ when they began to grow weaker. 
When the incidence is very neai'ly grazing, the most important 
term of (17) is the second which is positive, since Ci = 0, and 

a-3t^=49°3r. 

Now when q is positive the amperean current circulates to- 
wards the left hand of the observer, whence the analyser must 
be rotated towards his right hand ; and this agrees with ex- 
periment. 

When the incidence is nearly normal, the last term of (17), 
which is negative, has its greatest value. In this case 

c = l, w = 0, e, = 22°48' 

and it can be shewn that (17) is satisfied. From this it is easily 
seen that (17) is satisfied for all angles of incidence, and con- 
sequently the rotation of the plane of polarization of the reflected 
light is in the opposite direction to that of the current. This 
agrees with experiment. 
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Case IV. The last case of all that we have to consider arises 
when the incident light is polarized perpendicularly to the plane 
of incidence. Here ^ = 0, -B = 1, 

f = 3(i',-*e.)€'* = ?(P,cos^+Q,sin^), 

consequently as in Case IL 

/• = 18V + 2I89 (P, cos < - e, sin ^ + (^ (P; + Q,»). 

Accordingly when q is positive, so that the current circulates 
from the right hand towards the left hand of the observer, the 
value of B will be negative, when 

P,co8<-Q,8inei'>0 (18). 

From this it follows that for angles of incidence which make 
the left- baud side of (18) positive, the analyser must be rotated in 
the same direction as the current in order to produce extinction ; 
whilst for angles such that the left-hand side is negative, it must 
be rotated in the opposite direction. 

When the incidence is very nearly equal to 90°, 

so that the term Q^sine' is negligible ; also the most important 
term in Pj which is Re!' sin (a — Su) is positive, so that P^ cos e^ is 
negative. Under these circumstances the analyser must be ro- 
tated in the opposite direction to that of the current. 
The left-hand side of the inequality (18) is equal to 

R cos" i sin (a — tt — e/) + J2c" sin (a — Su — e{) 

+ c cos i sin (2a — 2w — e/) — R?c cos i sin {2u + e/). . .(19). 

At nearly normal incidence w = 0, and e^ is sensibly equal 
to Cp so that the above expression becomes sensibly equal to (17), 
which has been shewn to be positive. In this case the rotation 
must be in the same direction as that of the current 

These results are in fair agreement with Kerr's experiments, 
for he found that the rotation was in the opposite direction to 
that of the current so long as the angle of incidence lay between 
90° and 75° and in the same direction when it lay between 75° 
and 0°. At the same time the agreement as regards numerical 
results is not quite so close as might be desired, for I find that 
the value of the expression (19) at the principal incidence is 
about equal to —7, from which it appears that the direction 
of rotation ought to change sign at an angle which is somewhat 
smaller* than 75°. All observers seem to give values of the 
principal incidence and azimuth which lead to values of the 

* When «i'=90°, co8i=c/12, ftom which I find i=76°14'. 
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constants R and a which are in fair agreement with one another, 
but as there is some uncertainty as regards their precise values, 
perhaps a very close agreement cannot be expected between the 
theoretical and the experimental value of the angle of incidence 
at which the direction of rotation vanishes and changes sign. 

Although Kerr states that the principal incidence of the piece of 
soft iron which formed the reflector in his experiments was about 
76°, he does not state the value of the principal azimuth. As 
so much depends upon these quantities, I should suggest that 
if any further experiments are made, the values of the principal 
incidence and azimuth should be accurately determined for the 
particular piece of metal experimented upon. It would also be 
desirable to obtain quantitative results giving the magnitude of 
the angle of rotation at different angles of incidence, and for light 
of certain selected refrangibilities. 

5. The formulae which have been discussed in the present 
paper furnish results which are in such substantial agreement 
with Kerr's experiments, that I feel strongly persuaded that 
they are a close approximation to the truth ; but as the complete 
theory has not yet been discovered, I shall conclude this paper 
by making some observations upon the difficulties which lie in 
the way of its realization. It is hopeless to attempt to construct 
a perfectly satisfactory theory of Kerr's experiments until a satis- 
factory theory of metallic reflection has been discovered, and 
from the results of the present paper I incline to the opinion 
that the difficulty does not consist in explaining the magnetic 
effect, but in explaining metallic reflection. The formulae in 
question have been obtained by assuming in the first place that 
Hall's effect is capable of existing in transparent media, and by 
the aid of this hypothesis the formulae giving the amplitudes 
of the reflected waves were rigorously deduced two years ago 
by means of Maxwell's theory of the electromagnetic field. The 
next step was to transform these formulae by assuming that 
the pseudo-refractive index is a complex quantity in the case 
of a metal ; and the fact that the resulting formulae agree so 
closely with Kerr's experiments justifies, I think, the conclusion 
that such an intimate connection exists between Hall's effect 
and the discoveries of Faraday, Kerr and Kundt upon the action 
of a magnetic field upon light, that the two classes of phenomena 
are in great measure due to the same ultimate cause. 

The difficulties, which lie in the way of constructing a satis- 
factory electromagnetic theory of metallic reflection by taking 
into account the conductivity of the metal, arise from the fact 
that the physical conditions imposed by such a theory impera- 
tively require that a should be less than 45°; whereas experiment 
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shews that for many metals a > 45"". Exactly the same objection 
applies to the hypothesis that metallic reflection may be ac- 
counted for on the so-called elastic solid theory by the introduc- 
tion of a viscous terra. In this theory the difficulty may to a 
certain extent be got rid of by an extension of von Helmboltz' 
theory of anomalous dispersion, as shewn in § 386 of my book ; 
and I entertain very little doubt that if we were better acquainted 
with the molecular motions which take place when matter is 
disturbed by the action of electromagnetic waves, this difficulty 
would be surmounted, and a satisfactory electromagnetic theory 
of metallic reflection would be obtained. "When," as I stated 
in § 486 of my book, " electromagnetic waves travel through a 
medium which is susceptible to magnetic influence, the molecules 
of matter will be thrown into vibration ; and the direction in which 
we ought to look for a theory, which will take cognizance of 
these hitherto unexplained phenomena, is one in which account 
is taken of the mutual reaction of ether and matter, and which 
will enable us to introduce the free periods of the vibrations 
of the matter into our equations." 

[6. Since this paper was read, Prof. J. J. Thomson's Recent 
Researches in Electricity and Magnetism has been published, 
which contains a theory of Kerr's experiments, see pp. 482 — 509. 
The principles upon which this theory is based appear to be much 
the same as those of the present paper, but the details of the 
analysis are sufficiently different to render comparison difficult; 
moreover he has not entered into numerical calculations to the 
same extent that I have done. He finds that a result consistent 
with the experiment discussed in Case IV. cannot be obtained 
unless the transverse electromotive intensity is proportional to the 
polarization current instead of to the total current; whereas in 
the present paper it has been tacitly assumed that this quantity 
depends upon the total current. 

The reversal of the direction of rotation, which takes place 
when the incident light is polarized perpendicularly to the plane 
of incidence, appears to arise from the circumstance that e/ 
(where e'Xj^ir is the change of phase) increases from about 22° 
at normal incidence to 180° at grazing incidence, and consequently 
between these incidences cose/ vanishes and changes sign. But 
when the light is polarized in the plane of incidence e^ (where 
e^l^TT is the change of phase) diminishes from about 22° at 
normal incidence to zero at grazing incidence, and therefore cos e^ 
can never change sign, but always remains positive. Sep. 1893.] 

7. It may not be out of place to call attention to another 
series of experiments made by Kerr*, in which he shewed that 

* PhiL Mag. Nov. 1875, p. 839 ; Dec. 1876, p. 446; March 1880, p. 167. 
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the effect of electrostatic force upon an isotropic transparent 
medium is to convert it into one which is optically equivalent 
to a uniaxal crystal, whose axis is parallel to the direction of 
the force. Under these circumstances it would appear probable 
that a strongly charged metallic conductor would behave like 
a doubly refracting metallic medium, having a single optic axis 
whose direction is normal to the surface of the reflector. If this 
conjecture should turn out to be correct, we should anticipate 
that vfhQn polarized light is reflected, the component vibration 
in the plane of incidence would be much more affected than the 
component perpendicular to that plane; and that the values of 
the principal incidence and azimuth and also the differences be- 
tween the changes of phase of the two components would also 
be affected by electrostatic action. No experiments upon reflection 
from electrified metallic reflectors appear as yet to have been 
made ; but I am strongly inclined to think that such experiments 
would repay the trouble involved in making them, and would 
reveal some entirely novel and interesting phenomena. 

Monday, May 15, 1893. 

Prof. T. M^K. Hughes, President, in the Chair. 

The following Communications were made to the Society: 

( 1 ) Exhibition of abnormal forms of Spirifera 1 ineata {Martin) 
from Ike Carboniferous Limestone. By F. R. Cowper Reed, B.A., 
Trinity College. 

This species, as defined by Davidson, is normally subject to 
greai> variation of form and ornamentation, as it includes Sp. im- 
bricata and Sp, elliptica. Specimens with intermediate characters 
are however common. The series of abnormal forms exhibited 
showed the gradual development of a sharp median groove both 
in the dorsal and ventral valves so as ultimately to produce a 
bilobed shell. From the nature of these grooves interruption of 
the shell-secreting action of the mantle seems to have occurred 
along a definite line : and the cause may have been disease, the 
presence of a parasite or foreign body, or pressure during life. 
Similar malformation is seen in some Terebratulas, etc. The 
normal and regular bilobation of some species of Orthis, Terebra- 
tvla, etc., is comparable. 

(2) Exhibition of Post-Olacial Mammalian bones from Bar- 
rington recently acquired by the Musewm of Zoology. By S. F. 
Harmer, M.A., King's College. 

(3) Exhibition of a specimen shewing Karyokinetic division of 
the nuclei in a plasmodium of one of the Mycetozoa. By J. J, 
Lister^ M.A., St John's College. 
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(4) Observations on the Flora of the Pollard Willows near 
Cainhridge. By J. C. Willis, M. A., Frank Smart Student of Qon- 
ville and Caius College, and I. H. Burkill, B.A., Qonville and 
Caius College, Assistant Curator of the Herbarium. 

The observations contained in the following paper were begun 
in 1890 and completed during the present year, and the results 
obtained seem worthy of publication, as of some interest in them- 
selves, and as confirming and extending those given by Loew in a 
receut paper*. 

The trees examined are mostly on or near the banks of the 
Cam and Ouse, from Ely on the north to Dernford on the south, a 
distance of about 22 miles. They are polled at a height of 8 feet, 
and stand in rows a few yards apart. Their tops contain large 
masses of humus, in which occur many plants. 

Prof. Babington, in his Flora of Cambridgeshire, gives 950 
species of plants as occurring in the County. Of these 350 may 
be excluded, as water or bog plants or for other reasons, and of the 
remaining 600 which could possibly be found, 80 species have 
been observed in the willows. About 4000 trees were examined, 
and a total number of 3951 records made. Where several plants 
of the same species occur in one tree, they are counted as one. The 
tables accompanying this paper show the actual number of records 
of each plant for each section of the district examined, and also the 
percentageis and totals. 

The names given for the plants are those of the " London Cata- 
logue of British Plants," 8th edition. 

The districts studied are named A, B, C... and require a more 
detailed description. 

A. This includes the trees found upon Coe Fen, within the 
town of Cambridge, and in Grantchester, Shelford and Barraway 
villages. All these regions are well wooded, and are near to 
numerous gardens. The effect is seen in the figures : the most of 
the records of Acery Viburnum, Ulmus, occur in this section ; Mosa 
and CrataeguSy hedge plants, are below the average; Sambuxms 
and Fra^nus stand high, and also Ribes, on account of the near- 
ness of the gardens. 

B. Trees along the Cam, for about half a mile up stream from 
Clayhythe bridge. Along the opposite bank runs a wood of ash 
trees, &c., with a dense undergrowtli of AnthriscuSy Urtica, Gaiium, 
Epilohium, &c. These plants appear in large number in the list. 
Near the bridge are gardens, accounting for the presence of 
Ribes, 

* •* Anfange epiphytischer Lebensweise bei Gefasspflanzen Norddeutschlands," 
Verhandl. d. bot. Vereiru der Prov. Brandenhurgy xxxm., 18y2, p. 63. Abstr. in 
Bot. Centralblatty vol. 62, p. 27. . . 
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C. Trees along the Cam, left bank, from Chesterton to 
Horningsea. A district fairly open, with a good many trees in it 
and many hedges, passing near to gardens in several places. Ribea 
consequently stands high. Elder, Rose and Hawthorn, hedge 
plants, stand high, but trees scarcely appear in the list at all, none 
being very near to the willows. 

D. Trees on the right bank of the Cam, from Ditton to 
Baitsbite lock (i.e. opposite to about half of section C) and on 
both banks from Clayhythe bridge to the lock at Bottisham. A 
district of similar character to C, but being nearer to many ash 
trees by the width of the river (30 metres) the records of ash are 
very much more numerous. Nettles also are more plentiful, there 
being many of them in fields near Ditton. 

E. Trees on the open meadow between Cambridge and Qrant- 
chester, and on Dernford Fen. A more open district than the 
preceding, but with many hedges. Rose, Hawthorn and Elder 
figure largely in the list, while nettles fall oflF. 

F. Trees along the left bank of the Cam, from Horningsea to 
the top of the reach above Clayhythe (i.e. beginning of section B). 
An open district, rather like the last. There being no gardens 
near, Ribes falls very low, as also does Elder, there being very little 
of it in the hedges. 

G. Trees on Lingay Fen, to the south of Cambridge. A 
fairly open fen, but with hedges and trees within a short distance. 

H. Trees on various parts of Bottisham and Soham Fens. 
These districts are really open fen, with the usual ditches in place 
of hedges between the fields. Hedges, however, occur round the 
farms, and these and the gardens account for the presence of Elder, 
Ribes and Hawthorn. Rosa is conspicuous by its absence, and the 
list consists almost entirely of herbaceous plants, the grasses 
especially occurring in large numbers, forming half the list. 

The districts are thus arranged in a rough series, beginning 
with those most thickly wooded and ending with the most open 

The results thus obtained present various points of interest, 
which will now be discussed. 

The plants belong to 28 Natural Orders and include 61 genera. 
Eleven genera of grasses occur, 6 each of Compositae and Rosaceae, 
4 of Umbelliferae. 

If we take the actual number of records of each plant, and 
leave out those forming less than one per cent, of the total, we 
have left only 21 species (counting each of the four species of Poa). 
Galium Aparine heads the list with no less than 16 3 per cent., 
and is closely followed by Sambucus and Rosa, Urtica and Cra- 
taegus also form each more than 5 per cent, of the total. 
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Nineteen species have only one record each, and twenty others 
have less than five records. The remaining twenty species have 
from 5 to 40 records. 

The results are of some interest from the point of view of the 
means of distribution of seeds. If we roughly classify them ac- 
cording to the various methods employed we obtain the following 
list: 

I. Fleshy Fruits, distributed by animals. 

Rhamntis, Prunus, Rvbus (4 species), Rosa, Pyrus, Crataegus, 
Ribes (3), Bryonia, Hedera, Sambvcas, Viburnum, Lonicera, Sola- 
num, Asparagus, 

Total species 19 (2375 per cent.), plants 1763 (44*62 per 
cent.). 

II. Barred Fruits, distributed by animals. 
Geum, Galium Aparine, Avena. 

Total species 3 (3*75 per cent.), plants 651 (16'47 per cent.). 

III. Winged and feathered fruit or seed, wind-distributed, 

Acer, Epilobium'(2), Angelica, Heracleum, Senedo (2), Gnicus, 
Leontodon, Taraxacum, Lactuca, Fra^inus, Syringa, Rumex (3), 
UlmvjS, Humulus, Alnus, and the Gramineae (14). 

Total species 33 (41*25 per cent.), plants 995 (25*18 per cent.). 

IV. Seeds, dkc, very small and light, wind-distributed. 

Sisymbrium, Gerastium (2), Stellaria, Achillea, Veronica (2), 
Urtica, Polypodium. 

Total species 9 (11*25 per cent.), plants 425 (10*75 per cent.). 

V. Explosive mechanisms. 
Geranium^ 

Total species 1 (1*25 per cent.), plants 2 ('05 per cent.). 

This plant must have reached its place in the willow by some 
other means, as its mechanism is not good enough to throw the 
seeid to such a height. 

VI. Plants whose means of distribution is poor or doubtful. 

Ranunculus (3), Barbarea, Lathy rus, Chaerophyllum, Anthris- 
cus, Galium Mollugo, Calystegia, Nepeta, Stachys, Lamium (2), 
Plantaxfo, Polygonum. 

Total species 15 (18*75 per cent.), plants 115 (2*9 per cent.). 

The percentages of the species distributed in each of the 
different ways agree fairly closely with those given by Loew. 
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Animal distributed (1,11) 27*5 * 23-33 

Wind „ (III, IV., V.) 53-75 5333 

Doubtful (VI.) 18-75 23*33 

But while in number of species wind-distribution holds the 
first place, in number of plants animal-distributed species form 
61 per cent, of the total. 

The figures show very well the effect of possessing a good 
distribution mechanism. Only those plants which possess such 
occur in any important number in the willow tops. Even such 
common plants as Bra^sica, Capsella, Trifolium, Bellis and others, 
do not appear in the list. 

Another important conclusion on distribution that can be drawn 
from these observations, is that a seed is rarely carried by its dis- 
tribution mechanism to a distance of more than a few hundred 
yards. 

Plants were never found in willows more than 200 yards from 
others of the same species upon the ground, except in one instance, 
a plant of Rihes Orossularia in section H, which was more than 
half a mile from any other, but as it was some years old, probably 
there may formerly have been a gooseberry plant near at hand. 

It is impossible to give the details of every tree examined, 
within the limits of a short paper, but in making the observations 
this fact of short-distance carriage was forced upon our notice at 
every step. A consideration of the Table will to some extent show 
this. Several plants require also special notes and these may 
conveniently be here introduced. 

Rhamnus, Chiefly found wild in the southern part of the 
district, where the records occur. 

Acer, Fra^nus, Syringa, Ulmus, These only occur in the 
wooded districts, and always close to trees. 

Rosa. Common in all districts except the open fen (H). Even 
here there were often plenty of roses within half a mile, yet none 
were found in the willow tops. 

Rihes, Common near gardens, but never found far from them, 
hence its decrease in sections F, G, H. 

Epilohiv/nfi. Though its seeds are so light, and it is so common, 
yet it only occurs in any number in section B, opposite the wood 
in which it forms a large part of the undergrowth. 

Anthriscus, Occurs in most districts, being very common upon 
the soil. It forms the chief portion of Class VI. as regards actual 
numbers. 

Hedera, It is probable that many of the records of the occur- 
rence of ivy are due to its having climbed up the tree, taken root 
in the top and then died away below. Several cases were found 
where this process was going on, the stems dying away and leaving 
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no trace, but in all the 75 cases recorded the ivy was found simply 
in the tops. 

Samhucus, Extremely common everywhere. 

Galium Aparine. This plant heads the list of records. It is 
extremely common in the whole district. The burr fruit is well 
adapted for clinging to animals and probably biixis carry it largely 
to the trees, adhering to their feathers ; the numbers in Class I. 
show how largely they visit the trees. Oalium is also used for 
nest building, as will be seen below. 

Urtica, Common everywhere, but mostly in districts B and D. 

Dactylis. Most common in the fen districts. 

Comparing our list with that given by Loew for the willows he 
examined, it appears that of his 31 species, 11 are not present in 
our list, and Bolle* gives 3 more that do not occur in ours. 

A comparison with the flora of the churches of Poitiers"f- shows 
that our flora contains far more bird distributed species in propor- 
tion to the total, viz. 22 species out of 80, as contrasted with 3 in 
76. This is what would be expected in view of the fact that birds 
so largely visit the willow trees. Of Richard's 76 species, only 14 
occur in our list. 

Other floras of similar character J exist, but need not be specially 
discussed here. 

Birds' nests being common in willow tops, it seemed to us that 
the plants used in building might become established in large num- 
bers by this means, and we have therefore made an analysis, so far 
as possible, of a few nests taken at random. Among the materials 
of the nests were found the following : 

(1) Two thrushes' nests from Demford Fen (section E). 
Anthriscus sylvestris, stems. 

Oalium Aparine, many stems, 13 fruits, and a living 

seedling, rooted. 
Urtica dioica, many stema 

Poa annua and P. pratensis, stems, leaves and panicles. 
Bromus sterilis, panicles. 
Olyceria aquatica, stems and leaves. 
Agropyrum repens, „ „ 

(2) One thrush's nest from Swaffham Lode (H). 
Senecio a^uaticiis, stem. 

Lamium purp^ireum, living plant, rooted in the nest. 
Dactylis glom^ata, entire plant. 

♦ "Nachtrag znr Florula der Kopfweiden," VerJiandl. d, hot. Vereins d. Prov, 
Brandenburg, xxxin., 1S92, p. 72. 

t Bichard, **Florule des clochers et des toitares des ^glises de Poitiers." Paris, 
1SS8. 

X See list in Biohard, loc, cit. , p. 48. 
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(3) Three sparrows' nests from section H. 

Anthriscvs sylvestris, stem. 

Carduus sp., large numbers of ripe fruits. 

Phragmites communis^ Poa annua, pratensis and trivialis, 
Lolium perenne, Bromus moUis, Deschampsia caespi- 
tosa, Festuca ovina, Dactylis glomerata, stems and 
panicles. 

(4) Two sparrows' nests from section D. 

Much like the last, especially in containing no Galium^ but 
including also Agropyrum repens, and Alisma Plantago, 

(5) Three blackbirds' nests from section H. 

Galium Aparine, stems, &c. 
Phragmites commums, stems, &c. 
Urtica dioicay stems. 
Anthriscus sylvestris, stems. 

(6) One nest (? sparrow) from section H. 

Stems, leaves and inflorescences of Cynosurus cristatus, Tri- 
ticum vulgare, Alopecurus pratensis, Avena sp. ?, Phrag- 
mites communis, Glyceria aquatica, Agropyrum repens, 
Lolium perenne, Poa annua and pratensis, Deschampsia 
ca^spitosa, and most interesting, perhaps, of all, pieces of 
Elodea canadensis, which were living when added to the 
nest. 

(7) One wren's nest from section H. 

Daucus Carota, stem and fruit. 
Galium Aparine and several grasses. 

It is thus evident that many grasses are probably distributed 
by birds, and also other plants, such as Galium, Lamiumi, An- 
thriscus, &c. 

Turning now to the question of the nutrition of these plants, 
the first point to be noticed is the great size and vigour of many 
plants. Specimens of Sambucus 2^-3 metres high and 2 — 8 cms. 
thick are common; the largest found was 4 metres high and 16 cms. 
thick. In this case the roots were observed to have grown right 
down through the trunk of the willow into the soil, and probably 
this occurs in other cases. A plant of Acer was 5 cms. thick. 
Rosa, Ribes, Crataegus, &c. were often well grown, and bearing 
many flowers. Herbs such as Galium and Grasses also grow well, 
many trees being simply beds of them. 

Of the 80 species, 64 are perennial (23 shrubs or trees), 5 bien- 
nial, 11 annual. Probably, however, this fact is not of importance, 
as the annuals become established in the trees; among them is 
included Galium Aparine, the commonest species of all. 
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The roots of the perennials go deeply into the humus, 
and the question arises as to whether they can draw from 
thence, unaided, all the materials required for their growth. 
Loew thinks this improbable, and suggests that mycorhiza comes 
into play ; he has observed this on several species. It does not 
seem to us, however, that this is necessary, considering the age 
of the humus, much of which must be fully decayed, and considering 
also the amount of dust which must blow into the bowl-shaped 
tops of the willows in the course of many years. Hoveler* in a 
recent paper has shown that plants are able to make use of humus 
without the aid of mycorhiza. We hope to investigate this point 
further. 

With reference to water supply, an important question in 
regard to epiphytic plants, the large masses of humus present in 
the willow tops must retain a great deal of water, dry though the 
climate of Cambridge is. The crown of leafy shoots upon the 
willow tree itself will also protect the " epiphytes " from transpira- 
tion. We have noticed a tendency to a bulbous enlargement of 
the base of the stem in one or two specimens of Holoas lanatus 
and Poa annua. 

To sum up, the one character of epiphytes ■[• which is well shown in 
these plants is a well-marked adaptation of the seeds to distribution. 
They possess no special methods of clinging to their supports, nor for 
collecting water or humus, beyond what has been above described. 
They are, nevertheless, of interest as showing a tendency in the 
direction of epiphytism. Such an epiphyte as jEschinanthus might 
perhaps be compared with them. This side of the question is 
discussed more at length in Loew's paper. 

In conclusion, one or two miscellaneous points may be men- 
tioned. 

The record of Lactuca muralis is interesting. It is recorded for 
the same trees in Babington's Flora, and has thus survived, though 
an annual, for over 35 years in these trees. There are no plants 
of this species now living on the soil within a considerable 
distance. 

One or two willows examined had put out roots from the 
crown into their own humus, and some at least of these had grown 
right through the willow tree to the soil (cf. the case of the roots of 
the Elder, above). 

* " Ueb. d. Verwerthung d. Humus bei d. Ernahmng der chlorophyllfiihrendeii 
Pflanzen," Prings. Jahrh, xxiv. p. 283, 1892. 

t Goebel, "Pflanzenbiologische Schilderungen,'' i. pp. 163, 161 Ac. 
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Mr Burkill, Notes on the Plants 



[May 15, 



(4) Notes on the Plants disiribvted by the Cambridge dust- 
carts. By I. H. BuRKiLL, B.A., Gooville and Caius College. 

The dust of the Cambridge streets, with the materials which 
chance to be scattered on them, with the droppings of animals 
which fall on them and with the seeds which by one agent or 
another come to lie in them, is now deposited on the low ground 
of Coe Fen with the object of raising the level. It is this circum- 
stance which has enabled me with comparative ease to collect 
materials for these notes, and so to see the extent of man's work 
in the distribution of seeds in and about a town. 

On the small area of approximately three-quarters of an acre 
ninety-nine species whose names follow have been found: — ^and 
counting in the well-marked variety itaiicum of Lolium perenne 
we get exactly one hundred forms. 

The following signs are used in this table : 
a, only one plant; 
)8, several plants; 
y, fairly abundant; 

5, common; 

6, very common; 

R, a plant habitually growing on our roadsides; 

G, a plant habitually seeding in our gardens; 

T, a plant, whose seeds, etc. man carries about for his own 
purposes, either for his own food (T. f.), or as a con- 
stituent of hay (T. h.), or in cereals or straw (T. s.), or 
as food for cage-birds (T. b.). 



Ranuncvlus scelerattbs L. R. 
Jtanunadus acris L. R. 
Banunculvs repens L, d. R. 
Delphinium Ajads Reich, G. 
Papaver somniferum L. G. 
Papaver Rhoeas X. /3. T. s. 
ChdrarUhus Cheiri L. ^. G. 
Sisymbrium officinale Scop, R. 
Erytdmv/m Cheiranthoides L. T. s. 
Brasaica Napus L. (Rape.) T. 
Brasaica Sinapis Vidani, •y.R.(orT.s.) 
Diplotaxis muralis J),C. y. R. 
Gapsella bursa-pastoris Moench, R. 
Senebiera Corovopits Poir. R. 
RaphanuB Raphaniatrum L. T. s. 
Viola tricolor L. G. 
Silene CiiciibaluB Wibd, a. T. s. 
Stellaria media With, R. 
Cera^tium glomeratum ThuiU. R. 
SpergvXa arvenms L. a, T. s. 
Malva rotundifolia L. R. 
Geranium Robertianum L. R. 
Aesculus Eippocastanum L. a. G. 



Acer pseudo-platanus L. /3. G. 
Cytiaui Laburnum L,f a.G. 
Medicago lupulina X. /3. R. (or T. h.) 
MelUotus alba Desv. T. h. 
Trifolium protease X. R. (or T. h.) 
Tnfolium repens Z. R. 
Trifolium fragiferum L, /3. — 
Tnfolium procumbens L. R. 
Tnfolium dubium Sibth. R. 
Vicia sepium L. a. T. s. 
Vicia Faba Z. 3. T. f. 
Pisum sativum L, T. f. 
Pyrus malus L. f a. T. f. 
Crataegus oxyacmvtha X. y. R. 
Epilobium sp. R. 
Aethusa Cynapium X. T. s. 
Daucus Carota X. a. T. 
Galium Aparine X. R. (or T. s.) 
Bellis perennis X. R. 
HeliaTvthus annuus X. f ^. G. 
Bid-ens tripartita L. a, — 
Chrysanthemum seget-um X. T. s. 
Chrysanth emum Parthenium Pes. a. G. 
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Matricaria CkamomiUa L. T. s. 
Artemisia sp. a, G. 
Senecio vulgaris X. R. 
Calendida sp, a. G. 
Arctium Lappa L. (minus?) a, — 
Cnicus arvensis Hoffm. R. (or T. s.) 
Centaurea nigra L. R. (or T. h.) 
Centaurea Cyanus L, /3. G. 
Lapsana communis L. R. 
Picris hieracoides L. R. (or T. h.) 
Taraxacum officinalis Web, R. 
Sonchus oleraceus L, R. 
Myosotis arvensis Hoffm. R. 
Calystegia septum R. Br, G. 
Lycopersicum escidentum MUL p. T. f. 
Solanum nigrum Z. R 
Solanum tuberosum L, a. T. f. 

arising from a tuber. 
Veronica polita Fr, R. 
Veronica persica Poir, R. 
Veronica Beccabunga L. a. R. 
Lamium pv/rpureum L, R. 
Plantago major Z. R 
Plantago lanceolata Z. R. (or T. h.) 
Chenopodium album Z. c. R. 
Chenopodium murale Z. b. R. 
Polygonum Convolvulus Z. T. s. 



Polygonum Hydropiper Z. j8. R. 
Polygonum Persicaria Z. R. 
Fagopyrum escvlentum Moench. a. T. 
Rumex obtusifolius Z. R. (or T. h.) 
Rumex crispus Z. R. ( or T. h.) 
Urtica urens Z. R. 
Cannabis sativa Z. T. b. 
Populus nigra Z. G. 
Junxms bujonius Z. d. R. 
Zea i/ay* Z. a. T. 
Alopecurus geniculatus Z. R. (or T. h.) 
Phleum canariense Z. /3. T. b. 
Holcus mollis Z. R. (or T. h.) 
Holcus lanatus Z. R. (or T. h.) 
Avena sativa L. ? a. T. s. 
Dactylis glomerata L, d. R. (or T. h.) 
Poa pratensis Z. R. (or T. h.) 
Poa trivialis Z. d. R. (or T. h.) 
Poa annua Z. e. R. (or T. h.) 
Bromus mollis Z. R. (or T. h.) 
Bromus sp. R. (or T. h.) 

Bromus sp, R. (or T. h.) 
Lolium pcrenne L, R. (or T. h.) 
Lolium perenne v, italicum Braun, 

a, T. h. 
Triticum vulgare NUl, ? T. s. 
Agropyrum repens Beauv, R. 
Hordeum murinum L, R. 



Polygonum aviculare L, c. R, 

We then get three headings (1) Roadside element, consisting 
of plants which grow naturally so situated that their seeds must 
fall into the dust of the streets; (2) Garden element, of plants 
which man maintains in such situations that they are enabled to 
scatter their seeds on to the roads; (3) Traffic element, consisting 
of plants whose seeds man himself distributes involuntarily. 

How are these represented in the flora of the street sweepings ? 



Roadside element up to 

Garden element 

Traffic element : 

Man's own food 5 ^/^ 

Forage, etc. element by 

cereal crops 12 7o 

Forage, etc. element by hay 
crops 2% 

Through cage-birds 2 7o 

Miscellaneous 4 7o 

Of doubtful origin 



58 
14 



Vo 



V at least 25 °/^ 



37o 

100 
This shews in a most obvious manner to what a great extent (at 
least 39 %) man acts in promoting the distribution of seeds in 
and about a town. 
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Mr Willis and I in studying the flora of the tops of Pollard 
Willows near Cambridge* have found the importance of bird distri- 
bution shewn in a very forcible manner. But from the street 
sweepings we get a flora of an extremely different type; excluding 
the fruits of the traffic element, we find only Solanum nigruin, 
and Crataegus Oxyacantha with fleshy fruits, and these not neces- 
sarily distributed by birds, and of burred fruits only Galium 
Aparine, Bidens tripartita, Arctium Lappa and Myosotis arvensis. 
Of the other 82 plants some have wings or pappus, e.g. Cnioas, 
Rumex, and many grasses, but many are without special adaptations 
for dispersion in their seeds. 

Richard, in his Florule des Clochers et des Toitures des tlglises 
de Poitiers has shewn how the two churches Saint Pietre and 
Sainte Rhadegonde, situated nearest to the sandy hills, possessed 
when he investigated their flora about four times as many plants 
as any of the five churches remote from these hills. Light seeds, 
such as those blown across to the Poitiers churches, are by no 
means absent from this street-sweepings flora. Seeds such as 
would be carried easily in any one of those clouds of dust which 
the wind may blow along our streets weigh but little. 

Papaver Rhoeas, '00011 gramme, 

Capsella bursa-pastoris, '00015 gramme ■[•. 

Of seeds distributed by man one seed of Rape {Brassica Nap us, 
'0038 gramme) weighs as much as 34 Poppy -seeds, and one seed 
of Buckwheat (Fagopyrum esculentum, '0267 gramme); as much 
as 178 Shepherd's-purse seeds. 

The Roadside element, which is principally made up of these 
small- seeded plants, is largely swollen through the rural nature of 
some of our roads, e.g. Queen's Road. It is this fact which causes 
the Hay element and the roadside element to overlap to such an 
extent; but the prevalence in the street-sweepings of the capsules 
of Rhinanthus Grista-galli — a plant common enough in the hay- 
fields on the clay land near the town, but not found in it, — and 
the nature of the debris which accumulates in such places as 
Tennis-court Road, are facts which in themselves testify strongly 
to the importance of seed distribution by means of hay, much of 
which cab-horses scatter in feeding. In fact oats, which are 
given to such a great extent to these hordes, always may be 
seen lying scattered about cab-stands. 

In composition the flora is peculiar; Poa annua is the dominant 
species, and next come Poa trivialis and Daciylis glomerata. Of 

* ObBeryations on tlie flora of the Pollard Willows near Cambridge. Proc, 
Cam. Phil. Soc. viii. 1893, p. 82. 

t We may compare the seeds of the Epiphytic Phanerogams where the need of 
effectual distribution is more pressing. Dendrobium attenuatum Lindl. '00000565 gr. 
Aeschynantbus '00002 gr. Goebel, Pfiavzenhiologische Sehilderwngen, vol. i., 
'Epiphyten.' 



1893.] distributed by the Cambridge dust-carts, 95 

other plants but few rise in number of individuals above fifty ; 
while the common Dandelion {Taraxacum officinale) is reduced 
to ten roots. In species, Oramineae and Compositor are the best 
represented, each containing more than one-sixth of the total. 
Leffuminosae, Cruci/erae, and Polygonaceae are fairly numerous. 
These five orders make up three-fifths of the whole; the other 
two-fifths consisting of representatives of no less than 22 orders, 
including Caryophyllaceas, Rosaceae, Umbelliferae, Scrophularineae, 
and Lainatae, all numerically important in the British Flora. 
Cyperaceae is not represented, nor is Euphorbiaceae : the latter 
we should certainly expect as the soil is rich, so rich that the 
grasses, essentially a manure-loving order, are very luxuriant, and 
there is not that keen struggle for existence which is fatal to our 
common British Euphorbias*. 

Of published floras the ouly one which is similar is Vallot's 
little list of 45 species from the Place du Carroussel in his Flore 
du Pav6 de Paris. These plants are distributed through the 
orders in a manner similar to those with which we are dealing ; 
and we find the isame forage element — an element which forms a 
very considerable percentage of the naturalised plants of any 
country in the world. 

We know how European hay sold at an Australian port has 
introduced European plants; how Trifolium repens has taken 
possession of the Pampas near Buenos Ayres ; how the German 
army in 1871 established two clovers in the neighbourhood of 
Paris +•, the seeds falling out of the hay which they carried for 
their horses; and so here we see the same kinds of plants carried 
through small distances in our own country and our own town. 

Monday, May 29, 1893. 
Db E. W. Hobson, Secretaby, in the Chair. 
The following Communications were made to the Society : 

(1) On the Kinematics of a Plane, and in particular on Three- 
bar Motion; and on a Curve-tracing Mechanism, with exhibition 
of apparatus. By Prof. Cayley. 

[To be published in the Transactiona,] 

(2) On Contour Integration. By H. F, Baker, M.A., St John's 
College. 

(3) Electric stability in crystalline media. By J. Larmor, 
M.A., St John's College. 

• The seeds of Euphorbia Peplus (-00041 gramme) weigh less than White Clover 
Trifolium repens ('00059 gramme), and this plant and others of the same order 
have been foond in various comparable situations. Cf, Vallot, Flore du Pavi de 
Paris et des Ruines du Conseil d^Etat. Deakin, The Flora of the Colosseum of Rome. 
fiichard, Florule des Clochers et des Toitures des jSglises de Poitiers, 

t Vallot, Florule du Panth6o», Journal de Botanique, vol, 1. 1887. 



I 



r 



NOTICES. 

* • ' • . • • ' 

1. A limited number of ' complete sets of the first Ten 
Volumes (thirty parts and index) of the Transactions is in 
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2. Transactions. 
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following papers : 

X. Jlr G. ChreE, The Isotropic Elastic Sphere and Spherical 
ShMH 

XL Prof. CaItley, On the Kihtemdtics of a Plane^ and in 
particular on Three-bar Motion : and on a Curve- 
tracing Mechanism, 

XII. Mr H. F. Bakeb,, Examples of the application of Newton's 
Polygon to the theory of singular points of Algebraic 
' Functions. 
Alpng with thiis part will be issued the Ind^x and Title Page 
of VoLXIII. 

Fellows will obtain their copies on application to 
The University Press, Cambridge. 

• * . * ■ 

3. Letters and Communications for the Society "should be 

addressed to one of the Secretaries, 

Mr J.; Larmor, at St John's College, 
Mr H. F, Newall, Madingley Rise, 
Mr W. Bateson, at St John's College. 

Presents for the Library of the Society should be addressed to 

The Philosophical Library, 

New Mvseums, 

Cambridge. 
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October 30, 1893. 

ANNUAL GENERAL MEETING. 

The names of the Benefactors of the Society were recited, viz. 
Dean Peacock, Rev. F. Martin, Prof. Sedgwick, Prof. Babington, 
Prof. Adams. 

The officers were elected for the ensuing session as follows : 

President : 
Prof. Hughes. 

Vice-Presidents : 
Prof. Cayley, Prof. Darwin, Dr A. Hill. 

Treasurer : 
Mr Glazebrook. 

Secretaries : 
Mr Larmor, Mr Newall, Mr Bateson. 

New Members of the Gcywncil : 
Prof. Sir G. G. Stokes, Dr Lea, Mr Shipley, Mr Seward. 

The President referred to the death of the Rev. Leonard 
Blomefield (Jenyns) of St John's College, and his services and 
benefactions to the Society, of which he promised a fuller notice. 

VOL. VIII. TT, III. 8 
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The Master of Downing College, V.P., in the Chair. 

The following Communication was made to the Society : — 

Criticism of the Geological evidence for the Recurrence of Ice 
Ages, By the President (Professor Hughes). 

Part I. Condition of the surface of the Boulders 

AND OF the Solid Rock. 

i. Introduction. 

To many of us the most interesting matter which has recently 
been brought before this Society was the discussion of the cause 
of the Glacial Epoch. But those who have been watching the 
development of theory and the controversies which have arisen 
out of the consideration of the question must feel that although it 
is too large a subject to be treated as a whole at any one meeting 
yet the several points in the long chain of evidence are of such a 
nature as to lend themselves readily to separate discussion, and 
that no view, founded upon such circumstantial evidence as that 
on which every glacial theory depends, should be accepted until a 
searching enquiry has been made into the value of the evidence for 
each of the facts upon which it is based. 

I would state at the outset that I do not wish to divide the 
advocates of the Geographical explanation and the supporters of 
the Astronomical theory by a hard and fast line. I will acknowledge 
that most of those who look upon astronomical combinations as the 
principal cause allow that the distribution and height of the land 
must have great influence though they may be prepared to admit 
the possibility of freezing over the sea and then heaping snow on 
until the accumulation of ice displaces all the water. 

On the other hand, among those who regard geographical con- 
ditions as having had most to do with the determination of the 
time and place of greatest glaciation, there are few who would 
deny that climatal conditions must be affected by astronomical 
changes, though they may regard these more or less in the same 
light as they do lunisolar influences in volcanic eruptions. 

Whether we adopt the one view or the other, it is obvious that 
the recurrence of glaciation may be regarded as probable. It has 
however been maintained by some advocates of the astronomical 
theory that, although the results were due to secularly recurring 
combinations, it was only during the latest periods that the 
requisite conditions prevailed to produce the full effect in 
glaciation. 

The great difference between the two cases is this. On the 
astronomical hypothesis the effect should be produced at intervals 
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of different length but of regular recurrence and should always 
have a definite relation to the poles. Whereas, assuming the 
geographical view to be the more true we should expect to find less 
regularity as to the intervals, but still some secularity, and a con- 
stant relation to the areas and axes of greatest earth movement. 

We have therefore to search the record of the rocks to see 
whether each great period has its glacial epoch represented in 
circumpolar regions, and, if not, then before we can accept the 
astronomical theory we must explain the absence of glacial 
phenomena by supposing that that particular Geological period 
was too short to cover the time required for the recurrence of 
cold-producing combinations or we must grant that glacial action 
has never extended so far or that all traces of it have been 
obliterated over the area open to examination. 

We may fairly expect that some traces should remain; for, 
although terminal moraines on land might stand little chance of 
surviving a period of submergence when each portion of the old 
land was successively brought within the action of the encroaching 
waves, still we must remember that a large part of the glacial drift 
at the present day finds its resting-place far out to sea, whither 
it is transported, if not by the land ice-foot at any rate by bergs 
and other forms of sea-borne ice. 

If we fail to find distinct evidence of the recurrence of glacial 
action in the rocks of circumpolar regions then we should examine 
the known areas of successive upheaval in equatorial and tem- 
perate, as well as in arctic or subarctic regions, in order to see 
whether we can find there proofs of elevation sufficient to give 
rise to glacier ice and can find evidence in the ancient deposits 
that glacial conditions did there prevail. 

In order to be in a position to discuss this question it will be 
well first to consider the nature of the evidence upon which we 
have to rely for the establishment of the fact of glaciation, and I 
have thought that the best way of bringing this matter before the 
Society was to exhibit samples of the specimens which have been 
appealed to in support of special views of glaciation and certain 
other specimens, of which we know the vicissitudes and the mode 
of production, in illustration of the characters relied upon. 

ii. Characters of glacial deposits. 

Two principal classes of phenomena have to be studied in con- 
nection with ice-borne drift. First the condition of the included 
fragments, and secondly the arrangement of the material. Many 
of the inferences with regard to the mode of transport and distri- 
bution of the material are founded on the condition of the included 
boulders, and the most important of the characters impressed upon 
the rocks by glacial agencies are the polished and grooved surfaces 

8—2 
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of the solid rock over which the icebound stones have been driven 
or the smoothed and striated faces of the stones which have been 
compelled to adjust themselves to the more or less restricted 
movement of the yielding mass in which they are imbedded : the 
harder minerals cutting the softer and the " flour of rock " pro- 
duced by their waste acting as polishing powder on the rock sur- 
faces. But nature has many ways of arriving at analogous results, 
and before we proceed to enquire whether there is evidence of 
glaciation on the fragments included in ancient conglomerates or 
on the solid rock on which such conglomerates rest, it will be use- 
ful to guard against cases of mistaken identity by examining as 
many as we can of the known agents and effects of rock polishing 
and striation and to endeavour to distinguish clearly between them. 
With a view to this end I have arranged a series of specimens of 
rock naturally, accidentally, or artificially, polished and striated. 
Having regard to the difficulty of indicating on a plate those 
minute differences upon which we have to rely in endeavouring to 
discriminate between the various modes of smoothing or producing 
striations with which we are concerned in this enquiry I have not 
thought it worth while to give figures of the specimens : but they 
are all preserved in the Woodwardian Museum with the numbers 
by which they are referred to in this paper attached to them so 
that they can be easily consulted. 

iii. Oladally smoothed and polished rock. 

In most cases glaciated rocks are smoothed rather than polished. 
Inequalities are worn down and the roughness of the original 
fracture is removed but except when wet there is rarely the 
glistening surface to which the term polish could be applied. The 
slates on top of a distant house after a shower flash back the sun's 
rays but these slates are not polished. Example of such surfaces 
is shown on Nos. 1, 2, 3. 

There are however surfaces over which the ice has forced a heavy 
mass of stones and earthy material frozen into a solid body and 
this when supplied with the " flour of rock " as polishing powder 
has sometimes acted as a burnisher and left the rock with a surface 
like porcelain, as seen on the fragment of a boulder from the 
Clwydian Drift No. 4, or on the surface of the Jurassic limestone 
No. 5. This lay in the path of the great glacier which came down 
from Mont Blanc and its surrounding snowfields, crossed the Swiss 
valley, climbed the flanks of the Jura and left a sheen on the 
rocks that would take it, but simply smoothed the others as we 
see on Nos. 1, 2, 3. We occasionally find that the original rough 
surface of the rock is preserved in places while the protuberant 
parts are polished and striated as in No. 6, from which we may 
infer that no very large amount of abrasion has taken place on 
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that specimen or it would have been worn down to an even sur- 
face. On the principle of " diamond cut diamond " the hardest 
white quartz is sometimes polished and striated as in No. 7 : a 
similar kind of wear being seen on the face of the siliceous Burr- 
stone which has been used for any length of time for grinding in a 
mill ; see No. 8. 

Fragments of a rock-face smoothed and fluted by glacial action 
seem to have been not uncommonly detached by denudation from 
the boulder or parent rock and entombed in newer deposits. This 
takes place now where cliffs of boulder clay are exposed to the 
action of frost and sun. The included masses of rock break up 
under their influence and, without suficring much wear and tear, 
get buried in the clayey mass into which they fall. The grooves 
on such fragments are cut off with their full breadth at the margin 
of the stone whereas, if the striations had been produced on the 
stone as it is, the thin edge would have broken away. An 
example of such a broken boulder is seen in No. 3 or better still 
in No. 4. 

iv. Stones naturally smoothed and polished but not by glacial 

a^ion. 

In earth movements when the parts of a fissured rock are 
relatively displaced and the sides of a fault are dragged against one 
another, perhaps even with a to-and-fro motion, if the cut be clean 
and the rock of a somewhat homogeneous texture, it will be 
smoothed and polished. Minerals commonly form along the crack 
or the exterior of the rock-faces in the fault undergoes mineral 
change. This is a very important character in helping us to dis- 
tinguish between one of these slickensides as they are called and 
the smoothed face produced by any surface action. In this way a 
rock as rough as or rougher than the Molasse (see No. 1) may have 
a soft sheen given to it, as in the case of some specimens from the 
New Red Sandstone, see No. 9, on which among other minerals 
carbonate of copper has been formed, or No. 10, on the face of 
which a film of mineral matter has produced a surface like a 
mirror. 

Some minerals and rocks which are readily soluble in water, 
either pure or charged with a small quantity of such acids as are 
commonly present in surface waters, have a polish produced by the 
chemical decomposition of their surface. This often happens to 
masses of carbonate of lime or limestone exposed to the spray 
from a waterfall or embedded in clay. Nos. 11 to 13 are examples 
of this process. 

Rocks polished in this way are generally fretted into irregular 
pits as shown on the fragment of limestone No. 14j and more 
obviously on the piece of gypsum No. 15. 
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Blown sand also gives a delicate polish but as in the former 
case, see Nos. 16 and 17, slight differences of texture in the rock 
are apt to give rise to inequalities which are perpetuated in a 
fretted surface. This eating away of the rock by the constantly 
impinging grains of sand is seen on the obelisks of Egjrpt, on the 
basalt of Burntisland No. 16, or on the siliceous pebbles sticking 
in the exposed cliff's of St Davids No. 17. On softer material its 
action can be more easily studied, as for instance on pieces of 
broken bottle lying on the shore in the track of the prevalent 
wind. It has been turned to account in the sand blast used for 
etching glass. 

General McMahon' has described how gullies amongst the 
rocks bring heavy gusts of wind to a focus, as it were, as may be 
seen at Dosi an isolated hill within the Arvali area, where deep 
grooves, several feet in depth and in diameter, have been carved 
out of the sides and &ces of huge granitic blocks by sand-laden 
wind aided by the selective agency of natural decay. 

Some remarkable specimens, Nos. 18 and 19, were noticed in 
1869 by Mr Hack worth and described by Mr W. T. Travers before 
the Wellington Society* and afterwards by Mr J. D. Enys before 
the Geological Society of London*. These owe their form to the 
fact that they lay in the route of prevalent winds compelled by 
the form of the ground to carry the sand in a constant direction 
back and fore. The exposed part of the stone was thus chamfered 
off from each side so as to leave a roof-like ridge projecting. 
These stones have no striae but generally show some places fretted 
away below the general level in a manner that proves that they 
were not planed or ground down by contact with flat surfaces. I 
have found a siliceous pebble on the Plateau Gravel above Biarritz 
No. 20 which was beginning to assume a similar form, from having, 
as it appeared, been bevelled off by the sand blast driven by the 
Atlantic gales which so often sweep that exposed ground. 

V. Olacially Striated Rocks. 

So far we have been considering chiefly the various agents 
which produce smooth or polished surfaces and endeavouring to 
discriminate those due to ice action from those due to other 
causes. We will now examine the striated surfaces so commonly 
found on the surface of the rocks over which ice has passed or on 
the boulders which have been transported by it, and in this case 
again we shall find that the mere presence of scratches and grooves 
is not of itself sufficient evidence of glacial action. 

1 Records Geol. Survey of India, Vol. xvii. Pt. 3, 1884, p. 101. 
* Trans, New Zealand Imtitute^ Vol. ii. p. 246. 
» Q.J.G.S., Vol. XXXIV., 1878, p. 86. 
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The striae in question are of various character and depth 
according to the shape and amount of projection of the mineral 
point that cut them and the form and texture of the rock attacked. 
They generally run in straight lines across the stone, as, in glacier 
movement, changes of direction producing curves such as could be 
observed on a small area must be rare. They seldom run over the 
edge further than the protruding mineral could reach while the 
faces of the stone remained in contact. Separate stones however 
seem to have not infrequently changed their position, so that a 
fresh set of striae has been drawn across those first formed. 

The grooves on the solid floor of rock are therefore apt to be 
all parallel as seen on the slab of sandstone from near Edinburgh 
No. 21 or on the piece of Molasse from Lausanne No. 1 ; whereas 
on loose stones the scratches run in difierent directions on difierent 
faces and cross one another at all angles on the same face as well 
seen on the large rolled mass of chalk No. 22 from the drift of 
Roslyn Pit near Ely and on the small boulder of black limestone 
No. 23 from the great moraine of Lausanne. The striated frag- 
ment of Silurian No. 24 from the lower boulder clay of Longwathby 
cutting in the Eden Valley is well scratched on all sides but 
generally parallel to the longer axis of the stone. No. 25 is from 
one of the highest patches of boulder clay in the kingdom. I 
found it at an elevation of 1800 feet on the mountains that bar 
the southern end of the Eden Valley. It has the grooves and 
scratches running in the length of the stone and almost all parallel 
on both sides. 

It must not be supposed that all ice-borne stones will be 
glaciated. Masses that have fallen on to a glacier and travelled 
down on its surface to the terminal moraine or even to the sea may 
never have been subjected to any crushing or grinding. Scratched 
stones are exceedingly rare on the terminal moraine of any existing 
Alpine glacier, whereas they are abundant in the drift lower down 
the valleys. Fragments that show ground and striated faces must 
have had time to get into or under the glacier, except of course 
those caught in shore ice of which we are not now speaking. The 
specimen of Shap Granite No. 26 as it lay in the Eden Valley is 
therefore interesting in view of the controversies as to the mode of 
transport of the boulders from Wastdale Crag for it is distinctly 
ice-worn and thus we know that it travelled, at one time, in or 
under the ice. 

No. 27 from the drift of the coast of Wexford was evidently 
caught by sea-borne ice, as it was bored by lithodomous molluscs 
before it was striated. On it the striae are nearly parallel on the 
same face but those on one face do not run in the same direction 
as those on the other. 
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vi. Rocks striated by other than glacial agencg. 

If the solid rock or any stone firmly fixed in its place have 
another mass holding minerals hard enough to groove the surface 
drawn across it, the result must be the same whether it be ice or 
any other material that clasps the stone or holds the rasp. For 
instance, if trees be dragged down a hill side, bits of grit get 
driven into the wood and as it passes over the solid rock they cut 
striae exactly like those produced by glacial action as may be well 
seen on No. 28 and No. 29 which is part of a mass of Jurassic 
Limestone which stuck out in the road up the Jura from Grenchen 
to Btirenberg in the canton of Solothum (Soleure). The grit 
imbedded in the wood and the carts with breaks and skids have 
grooved and scratched the stones so that the exposed parts can 
hardly be distinguished from glaciated surfaces, as may be seen 
by comparing No. 28 with No. 5 which is a genuine glaciated 
rock from the same district. 

The effect of dragging timber down a hill side is well shown 
also on Nos. 30 and 31, two specimens of Silurian rock from near 
Corwen. 

Some examples it may be pointed out cannot be ofiFered in 
explanation of possible modes of producing surfaces simulating 
those due to glacial action as they are due to the agency of man 
or other forces which cannot have been in activity at the time. 
But any case in which the mode of operation is certainly known 
and the results can be closely studied are of value in such 
enquiries. 

For instance there is a quarry at Rhiwallt near St Asaph in 
which the Silurian rock has been removed along the planes of 
bedding so that a long sloping face has been left, down which 
slide broken rock and masses of earth with stones imbedded, 
marking their path on the face of the rock as seen in No. 32 and 
No. 33. Though in this case the face of rock was exposed by man, 
the same kind of thing must often have occurred at every period 
of the world's history and stones and gritty material have sUd down 
over long faces of bare rock into deep water and so produced all 
sorts of difficult complications. 

More distinctly due to artificial operations, but most instruc- 
tive from the deep grooves and fine polish produced, are the two 
specimens No. 34 and No. 35 from the Mountain limestone of 
Ribblesdale where the wire rope, dragging in places over remains 
of drift, which was largely derived from gritty carboniferous beds 
above, has polished and striated and fluted the rock over which it 
has run. 

No. 36 is a glaciated face of rock but the ice marks are very 
obscure. The obvious scratching and polishing of the rock is due 
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to the nail boots and caudal corduroys of small Welshmen who 
amuse themselves between school hours by sliding down the 
smooth face of the rock. 

On the limb bone of a large Saurian, No. 37 and No. 38, from 
the Kimeridge clay of Littleport, North of Ely, there are scratches 
and grooves running in various directions. We have several other 
examples of the same kind of thing. There is in the case of this 
specimen enough to prevent our referring them to glaciation in 
the character of the striae themselves. The short cross cuts for 
instance which appear here and there and the abrupt termination 
of the grooves on the face of the bone. But had only a fragment 
of this specimen been preserved and that perhaps been somewhat 
rolled, it would not have been so safe to pronounce that the 
scratches could not have been of glacial origin. 

The cuts cannot have been produced at any later date than 
the deposit in which the specimen was found as they are in places 
covered by organisms which grew upon the bone as it lay at the 
bottom of the Jurassic sea, and the fauna of the Kimeridge clay 
precludes our entertaining the possibility of the occurrence of 
glacial conditions in our part of the world during its deposition*. 
Occasionally the same kind of thing may be seen on lumps of 
phosphate of lime from the Cambridge Greensand as in No. 39 
on which Plicatula sigillina has grown upon a striated surface. 

viL Striations and polishing due to crushing of solid rock. 

When the faces of a fissured rock have been rubbed against 
one another by earth movements under tremendous pressure, 
either continuously in the same direction or with a to-and-fro 
motion, as I have already pointed out, there is often a film of 
some mineral formed over the surface, and I have already con- 
sidered the cases in which the rock is homogeneous and a smooth 
polished surface is produced. But when the surfaces in contact 
are covered by irregularities such as minerals of unequal hardness 
in the rock or in the fault the harder produce flutings and scratches 
on the softer along the lines of movement. 

The immediate cause of the grooves may often be detected. 
Sometimes they are due to such apparent trifles as worm tubes, 
which, being filled with sandy material, are more solid and harder 
than the rock that is thrust over them along the bedding planes 
as seen on No. 40. Sometimes the lumps and grains which have 
caused the fluting can be seen on the fault as in No. 41 which is 
ofiF the face of a landslip in the Barton Cliff, Hampshire, where the 
accompaniments of faulting on a small scale may be studied. 

Sometimes movements have been repeated after a fault 

1 Vict. Inst., May 6, 1889. 
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breccia has been formed and minerals of different hardness have 
crystallized along the fissure. A good example of this is seen in 
No. 42, which is a piece of fault breccia which has been itself 
fiaulted and the included fragments and the matrix have been 
scored by the passage over them of harder fragments in the 
opposing face. We may find produced in this way many of the 
varieties which we observed in the case of true glacial striae. 
The rock may be fluted but not polished as in No. 43, which is a 
fragment from a fault face in Silurian rocks of the Vale of Clwyd, 
or we may find a coarse grit first deeply grooved and polished and 
then covered with a glistening mineral film, as in the specimen 
No. 44 from Nodale, Stansfield Moor, or in the brighter surface 
of No. 45 from Derbyshire. Sometimes we find evidence of 
change of direction producing secondary striation oblique to the 
first, or more rarely, as on the specimen from a quarry north of 
Aberystwith, No. 46, we may see from the curved lines on the 
mineral layer and on the rock that the direction of movement has 
changed. 

A fluted surface is produced in some rocks by a combination 
of thin bands of tougher rock with joints and cleavage so disposed 
that the unyielding bands, alternating wdth the portions of the 
rock which are compressible and susceptible of cleavage, are pro- 
truded or displaced at the planes of interruption caused by the 
joints and thus present parallel ridges, as seen in the specimen of 
Silurian rock, No. 47, from Tirgwyn in the Vale of Clwyd. 

It often happens that when a rock, with fine lines of sediment 
that weather out more readily, is exposed to denuding agents, the 
occurrence of those lines of weakness is indicated by finer or 
coarser parallel grooves, and if such a rock lies in boulder clay, 
the striae may very likely be all referred to glacial action. 
Examples of this may often be found among Silurian and Cam- 
brian rocks, as for instance on the specimen No. 48 from the 
drift of Maes Mynan near Caerwys. Sometimes such lines and 
grooves indicate joints which are otherwise quite invisible on the 
face of the rock. This is well seen on the specimen No. 49 of 
sandy shale, probably Devonian, from the slopes of Dartmoor, on 
which the divisional planes which have caused the grooves on the 
face of the stone are seen as joints on the side. 

If a conglomerate be subjected to pressure of the same kind as 
that which produces crumpling or cleavage in one place, faults in 
another, or belts of puckered rock in a third, it often happens that 
the rock, yielding along definite areas, readjusts itself by move- 
ment between the portions of difierent tenacity and a shearing 
takes place throughout, with distinct thrusts and displacements 
between the matrix and the included pebbles, see Nos. 50, 51, 
while smaller fragments of greater hardness imbedded in the 
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paste will scratch and furrow the larger softer pebbles along 
which they are driven, see Nos. 52, 53, 54, 55, 56. Small tough 
pebbles will often deeply indent softer pebbles without breaking 
them or being broken by them. For the permanent deformation of 
rock without fracture, however, time is an element which has to 
be taken into account, but for our present purpose we need not 
further consider this point. 

In the case of crushed conglomerates we often find that the 
pebbles have been broken and the several parts have been separated 
somewhat or shifted and recemented by mineral matter, see Nos. 
57, 58, 59, 60. This I have never known to be the case in glacial 
deposits. Sometimes the conglomerate has been crushed in such 
a manner as to cause not only a protrusion of the pebbles through 
the matrix but also a number of small faults throughout the mass 
on the fe.ce of which it will be seen that the striae produced by 
slickensiding run across the matrix and included pebbles alike, as 
seen on Nos. 50, 51. Striated floors have been noticed in glacial 
drift, but they were all due to more or less horizontal movements, 
whereas the striated faces in this conglomerate are at all angles to 
the planes of the bedding. 

When however a thrust happens to have taken place between 
the conglomerate and underlying rock we have of course a 
polished, striated and grooved floor just where, on the supposition 
that the conglomerate is of glacial origio,, we should look for the 
glaciated surface on which the ancient boulder drift was de- 
posited. One very striking example of this occurs in the same 
area as that in which so many striated blocks have been procured 
ft-om the conglomerate. It might seem that there was cumulative 
evidence for the glacial origin of the deposit. Scratched stones in 
a boulder drift resting upon a striated surface of solid rock ! But 
when we examine the evidence more carefully it all breaks down. 
This striated surface occurs along a thrust plane which can be 
clearly made out on the ground. And even were it not so the 
condition of the surface itself is sufficient to show that it is due to 
earth movement and not to glaciation. The rock itself can be 
seen on the specimens Nos. 61 and 62 to be squeezed out in the 
direction of the movement, and a thin layer of mylonite covers 
the whole. Now the evidence is turned against the glacialists, 
and it may be urged that where there were such rock crushings as 
those which are known to have taken place in Holbeck Gill it 
would be curious if here and there we did not find that there had 
been a diflerential movement between masses of such unequal 
structure as the conglomerate and the solid grauwacke on which 
it lay. 

The character which is most constant in pebbles which have 
been subjected to this crushing action in a conglomerate and at 
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the same time most clearly disting^uishes them from glacially 
striated rocks is the manner in which they appear to be pinch^ 
to an edge and scored on both sides up to the edge, so that whereas 
as I have already remarked (see p. 103, and specimens Nos. 22 to 27) 
the same set of glacial striae seldom run far over the edge of any 
glacial boulder, and flat sides are the rule ; in crushed conglome- 
rates on the other hand the grooves follow the curvature of the 
stone, and the edge is sometimes crushed up as if the pebble had 
been nipped out. This is well seen in Nos. 53 and 54, and less 
distinctly in Nos. 55 and 56. 

Whenever a rock is acted upon by pressure in such a manner 
as to produce deformation, and there occur here and there in it 
harder masses which do not yield to the same extent, they are 
thrust through the surrounding matrix and are apt to be smoothed 
or striated according to the relative hardness of the surfaces. This 
must happen whether the included body be a pebble in a con- 
glomerate or a concretion in a clay. The spherical or cylindrical 
or conical bodies known as stylolites are formed in this manner and 
their slickensided or fluted exterior is produced by the harder less 
yielding condition of the concretionary mass, as in the examples 
numbered 63, 64j, or even by the obstruction to movement ofiFered 
by a shell or other foreign body as in No. 65, in both which cases 
the surrounding matrix is dragged round and along the included 
unyielding body. 

We must remember that many though not all of the above- 
mentioned operations, which produce the form or smoothness or 
polish or striation, simulating that due to glacial action, are 
subaerial and that therefore, before such a stone could be trans- 
ported to any situation where it could be entombed, the chances 
are that it would have been exposed to so much wear and tear as 
would have entirely obliterated the superGcial characters it had 
acquired. We admit therefore that it is improbable that many 
stones polished and striated in any of these accidental manners 
should be found in a conglomerate. But when we notice that, 
although a large number of observers have been on the look out all 
over the world for evidence of this kind of ancient glaciation, the 
examples found are generally of very rare occurrence and doubtful 
character, we must not lose sight of those accidental modes of 
producing polishing and striae which may be easily mistaken for 
those which ai-e the result of glacial action. 

viii. Supposed oGCurrence of glaciated stones in ancient deposits. 

Having thus considered some of the various modes in which 
stones may have acquired both polish and striation let us examine 
some of the cases in which it has been maintained that the 
included fragments in a conglomerate or unconsolidated gravel 
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prove the existence of glacial conditions during the deposition of 
the beds in which they occur. 

Where we might expect to find traces of glacial action is of 
course where we have evidence of submerged mountain lands, that 
is at the base of each great system as defined on the table of strata 
which I laid before the Society on a former occasion*. 

When the sea crept up the pre-Cambrian highlands it must 
have washed into its depths whatever there was of moraine matter. 
When the great subsidence commenced that made room for the 
accumulation of the Carboniferous deposits, the boulders of Silurian, 
Cambrian and older rocks must have been buried where they were 
or been swept into the hollows and valleys of the submerged land. 
When the Carboniferous rocks had been uplifted and acted upon 
through long ages by all the denuding forces that then as now 
struggled to reduce the dry land as soon as raised, depression 
again set in and the land with all its mountain ranges and coast 
lines again went down ; if there were glaciers here we should find 
their traces. It is likely there were glaciers somewhere and at 
these horizons we should still search for evidence. But the 
question now before us is what is the value of the evidence which 
has been adduced in favour of that discovery having been already 
made. 

ix. Southern extension of ice in glacial period. 

The extension of the glacial drift in Southern Germany, 
suggested by the transport of fragments far from the parent rock, 
has been supposed to be confirmed especially by the occurrence 
in the widespread gravel and sand of that area of certain faceted 
and polished stones. See Nos. 66, 67. These are composed of 
verv hard material being generally quartzite, and the manner in 
which they are supposed to have assumed their peculiar form is 
by having been held in the ice as in a vice and having one face 
after another ground down as they shifted their position in the 
mass. Even if the facets were perfectly flat we need some expla- 
nation of the fact that although there has been such tremendous 
glacial abrasion there are no glacial striae. But the faces are not 
flat and the surface of the portions fretted into hollows are in 
exactly the same condition as the parts in relief. In fact these spe- 
cimens show none of the essential characters of glacially dressed 
stones. If however we look back through our collection of variously 
abraded stones (see p. 102) we shall find that there are some, of which 
we know the origin, in which the very same characteristics appear as 
those which distinguish the supposed glacial boulders of Copitz by 
Pima. In the sand-worn stones of Cook's Straits, Nos. 18, 19, and 

1 Proc. Camb. Phil. Soc^ Vol. iii. p. 247. Brit. Assoc, Bept. 1876. Trans. 
Sects., p. 70. 
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of Biarritz, No. 20, we have the same facets, the same polish, the 
same fretted surface due to the eating away of the softer parts 
by the sand and the consequent relief of the veined or harder 
portion. 

Now to turn to the Swiss valleys where it is known that the 
glaciers once extended far beyond their present limits and where 
their constantly recurring advance and recession within the memory 
of man is certain. What limit can we place upon this oscillation ? 
If earth movements are going on, if climatal changes are taking 
place, the alteration in the volume of ice must be of the same 
kind but gi-eater in degree than what is observed from half-century 
to half-century as the result of what we call weather. What 
wonder then that in the basin around Zurich, which the ancient 
larger lake once filled, we should find moraines above peat and 
older morainic debris below. I am satisfied as to the fact. I worked 
for two hours under ground in the lignite pit till I found for my- 
self undoubted glacially scratched stones, e.g. No. 68, which is 
identical with those that were found above, e.g. No. 69. But what 
has this to do with secularly recurring cold periods ? It is only on 
a larger scale and belonging to an older time what the guides will 
point out as having occurred within their own memory at the foot 
of the Rhone glacier, 

X. Tertiary Glaciers. 

Of earlier Tertiary age we will take as an example the Miocene 
deposited on the south of the Alps which Gastaldi argues has 
evidence of glacial action not only in the character of the deposit 
but also in the occurrence of glaciated stones. Admitting the 
accuracy of the observations on which these views are founded, 
and, though I have been over the ground I have nothing to say 
for or against them, it is not remarkable to find glaciers in ancient 
times where there have been glaciers in recent times unless we 
hold that the last upheaval which raised and left the Alps where 
they now are was the only great upheaval of which we have any 
knowledge. That has through many successive periods been an 
axis of greatest movement, and the higher it was raised the 
greater, cseteris paribus, must its glacier ice have been. This 
question of earth movement and its bearing on glacial phsRnomena 
I will ask leave to bring before the Society on some other occasion. 

xi. Boulders in Cretaceous Rocks. 

Of still earlier date are the blocks of coal and boulders of 
granite found in the Chalk for instance or the large masses of 
gneissic and other rocks found in the Cambridge Greensand or 
the Potton Beds. Among these we have from the Cambridge 
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Greensand a boulder, No. 72, of a green sandstone with shells 
and masses of phosphate attached and covering striations caused 
by weathering along lines due to rock structure. But these are 
in no ways glaciated rocks, and the mode of transport of large 
masses of rock without the agency of ice we will leave also for 
separate discussion. 

I have not opened the question whether a glacial deposit may 
be recognised by other characters such as the arrangement of the 
material, the shape and condition of the stones irrespective of 
striation. These are in the present state of the evidence too 
vague to be profitably discussed, as is also the suggestion of 
Agassiz that the paucity of life in some formations might be 
coincident with cold periods. 

xii. Supposed evidence of glacial action in Poikilitic Rocks. 

Of the older ages, such as the incoming of the Jurassic period 
or of the Carboniferous as recorded in the conglomerates at the base 
of the New Red or Permian and in those at the base of the Upper 
Old Red or Devonian there is more to say. In the case of the 
Lower New Red or Permian some specimens are preserved in the 
Jermyn Street Museum on which there are striae which have 
been referred to glacial action. These may be divided into two : 
one represented by a single stone of a greenish colour and flat- 
tened oval form and covered with striae undistinguishable from 
those seen on stones from the true glacial drift. This stone 
must have been placed there for comparison and illustration, and 
having lost its label have got mixed up at last with those actually 
found in the Haffield conglomerate. I am well acquainted with 
that rock, and have no hesitation in sajdng that the stone I 
refer to was never in it. The others are specimens with obscure 
striae such as would be produced by movements in the rock. 
The general character of this conglomerate and of the fragments 
included in it may be gathered from an examination of the piece 
of the Haffield conglomerate No. 70, and the fragment of close 
textured mudstone No. 71, with a shiny surface produced by a 
film of oxide of iron, which occurred in the conglomerate. 

Professor Sellas^ has called attention to this source of error in 
the case of beds of the same age near Portskewet, Monmouthshire. 
No. 64 is from this locality. 

There are some accidents which distribute a few glacially 
striated stones among others that have never been subjected to 
ice action : for instance, If a clay is broken up into lumps and 
these are rolled along the shore, pebbles and shells are driven 
into the sodden exterior which they can help to protect. In this 

1 Geol. Mag. N. S.y Vol. vin., 1881, p. 79. 
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manner rounded masses of what looks like conglomerate are formed. 
When the original mass happens to be a boulder clay, the included 
striated stones are thus handed on without further wear of the 
surface, and in this way many curious associations occur of rocks 
and shells that we should not have expected to find together: 
73, 74, 75 are examples of this. 

But in such cases as we have now under consideration we must 
bear in mind that, in a genuine boulder clay, such as any one 
may examine for himself on the top of Madingley Hill, scratched 
stones are abundant. Why then should we be expected to take 
on trust, as evidence of glacial action in ancient times, a few 
isolated fragments with the " ghosts of scratches " on them, when 
good observers visiting the same spot afterwards cannot find a 
trace? 



xiii. Evidence of ice agency in Talchir, Karoo, and Bacchus 

Marsh beds. 

We will consider the Talchir, Karoo and North Australian 
beds together because geographically they occur on the margin of 
one basin, and geologically are referred to approximately the 
same horizon. 

The Talchir beds as described by the officers of the Geological 
Survey of India ^ consist in part of great masses of clayey silt 
with boulders somewhat irregularly scattered through it. Gries- 
bach suggests that they were dropped on the sea bottom and sunk 
in the soft mud. Beds of the same character and believed to be 
of the same age occur in the Salt Range, in Cashmeer, and in 
Afghanistan. They are said to rest upon a polished and striated 
rock surface, and polished and striated boulders are recorded 
from them, but those who have seen the beds in situ say that 
they rely more on their similarity to boulder clays in general 
appearance than on the occurrence of a few striated blocks here 
and there. 

The evidence is not altogether satisfactory, as we might expect 
a larger proportion of scratched stones in such far-transported 
material if it were of similar origin to the boulder clay of this 
country, and the sketches of striated blocks given do not recall 
the commoner forms, but as I have noticed it is not easy to 
reproduce such characters. 

1 Blanford, W. T., Blanford, H. F. and Theobald, W. Jun., Mem, Oeol Surv. 
Ind. 1859, Vol. i. p. 33. Record Geol. Surv. Ind., Vol. xx. Pt. i. p. 49, 1887. 
Fedden, Record O, Surv, Ind., Vol. vni. Pt. i. p. 16, 1875. Record Oeol. Surv. 
Ind. J XIII. ii. 83. Record G. Surv. Ind,, Vol. ix. Pt. iii. p. 79. Vol. xxi. Pt. i. p. 34, 
PI. i. Vol. XXII. Pt. ii. p. 69, PI. p. 130. Vol. xix. Pt. ii. p. 133. Cf. also 
Blanford and Medlicott. A Manual of the Geology of India, 1879. See also a good 
r68um6 of views in Seward, Sedgwick Prize Essay ^ Cambridge, 1892. 
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The same kind of reasoning has led others* to refer certain 
beds in New South Wales to ice agency. The earlier observers 
Sir R Daintree and Dr Selwyn, though the idea of the glacial 
origin of the boulders was present to them, said, "grooved or 
ice-scratched pebbles or rock fragments have however not yet 
been observed." Their impression was that the character of the 
conglomerate was very suggestive of the results likely to be pro- 
duced by marine glacial transport. The section given by Mr 
David is not unlike what may be seen everywhere along our 
Norfolk coast where the contortions are probably due to stranding 
sea-borne ice. 

After a long time Oldham found "boulders and pebbles, 
unmistakably striated and polished by ice, in a railway cutting at 
Branxton, close to the spot where the erratics were first found by 
Mr Wilkinson." This reminds me strongly of what happened in 
regard to the conglomerates at the base of the Carboniferous 
in the north of England. Not a scratched stone could be de- 
tected in all the great boulder beds along the Lune nor at the 
foot of Ullswater, nor anywhere until I found the belt of faulted 
and disturbed rock near Dent, and from this an abundant supply 
of well smoothed and striated boulders has been since obtained. 

A somewhat similar deposit has been described* as occurring 
in South Africa, and the suggestion that the boulders in it were 
ice-borne has found in<?reasing favour as the identification of the 
series with the Talchir beds of India and the Bacchus Marsh beds 
of Australia proceeded. When that view was first communicated 
to the Geological Society I ventured to point out sources of error 
in the observations on which such deposits had been referred to 
glacial agency. While believing, as must any one who holds the 
geographical theory of the origin of glacial condition, that there 
had often in past time been local ice ages, I pointed out that the 
mere occurrence of subangular boulders did not prove a glacial 
origin, and that in the case under discussion the Natal deposit 
was not like our boulder clay, but was a stratified and ripple- 
marked series, and moreover was shown to have been subjected to 
such pressure that distinct cleavage was produced. Of course 
such pressure must have produced a differential movement be- 
tween the included boulders and the matrix. 

Sometimes the form of the stones in a conglomerate rather than 
their striation or polish is relied on. The form of the boulders in 
glacial drift, as in water-borne accumulations, is chiefly dependent 
upon the manner in which the divisional planes of the parent rock 

1 David, Q. J. O. fif., Vol. xun., 1887, p. 190. 

> Sutherland, Q. J. G. S. xxvi., p. 614, 1870, ib. p. 617. Griesbach, Q. J. G. S., 
XXVII. p. 68. Sohenck, A. Pet. Mittheilung^ 1888, p. 226. Protokoll dtr Mdrz- 
Sitzung. N. Jahrbuch. Stuttgart, 1889, p. 172. 

VOL. VIII. PT. III. 9 



I 



114 Prof. Hughes, Criticism of the OeologicaX [Oct 30, 

cause it to break up, and a large number of the fragments in the 
ice have been carried by water on to it or in channels in and 
under it. It would be difficult to say of any boulder that its 
flattened sides had been produced by the grinding action of the 
ice with its included grains. Moreover it would not be easy to 
ascertain certainly whether any particular stone in our river 
gravels, or in similar deposits at the foot of the Alps or Hima- 
layas, had been derived directly from the parent rock or second 
hand from a glacial drift, so that the comparison is attended with 
many difficulties. 

It would appear then that many good observers have arrived 
at the conclusion that these beds, whether on the south of the 
great Himalayan range or on the flanks of the mountains which 
form the watershed in South Eastern Africa or in the unstable 
region of New South Wales, present many characters in common 
and that there is evidence, stronger in some cases and weaker in 
others, that ice in some form or another has played an important 
part in building up the boulder-bearing beds which they contain. 
The vertical range and correlation of the beds is still unsettled, 
the precise manner of intervention of the ice is doubtful Many 
a good case is weakened by being supported by weak and easily 
reKited arguments and we must not dismiss all the evidence 
advanced by competent observers because we find obvious errors 
or irreconcilable statements here and theDre, but still we cannot 
help bearing in mind the case of the Old Bed Conglomerate in 
England (see pp. 115 to 117). 

Supposing we admit the glacial origin of much of these 
boulder deposits ranging over periods so vast that they are 
referred to everything from Carboniferous to Trias and perhaps 
to still newer beds, distributed over regions so far apart as India, 
Africa and Australia. What then ? must we shift the poles ? 
The evidence goes to show that they are marine strata into 
which the boulders have been dropped. All we have to account 
for is floating ice, not ice coming down to the sea where we now 
find the boulders. Stranding ice will striate the solid floor and 
melting ice will drop blocks whether ice-worn or subaerially 
weathered that have fallen on it or been frozen up in it. How to 
account for such ice in those regions is a question which I reserve 
for a later communication in which I hope to deal with the earth 
movements, but I would point out that if we admit the evidence 
that the beds with the Glossopteris fauna belong to one age and 
prove that glacial conditions then prevailed over the area in 
which they are found, that is fatal to the astronomical theory 
which requires alternate intensification of cold or heat at either 
pole. 
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xiv. Scratched boulders in and Striated floors below the Basement 

Beds of the Carboniferous System. 

The case of the conglomerate at the base of the Carboniferous 
System is much more clear and, as near as may be, gives us an 
opportunity of proving the negative. 

The Rev. J. G. Gumming^ remarked that the Old Red Con- 
glomerate (by which he meant what is now often spoken of as 
the Basement Bed of the Carboniferous) looked " extremely like 
a consolidated ancient boulder clay formation" and suggested 
that the scaly fish "had to endure the buflfeting of icy waves," 
and in an article^ upon the Geology of Cumberland and West- 
morland he extended these remarks to the Old Red Conglomerate 
of the Lake District. 

Professor Ramsay^ advocated the view that these conglomerates 
were of glacial origin, founding his opinion upon the following 
observations: (1) the manner of their occurrence in isolated 
patches in old valleys ; (2) the character of the deposit which is 
a coarse conglomerate, showing a very irregular accumulation ; 
(3) the shape of the included fragments which is very similar to 
that of the fragments of the same formations in the glacial drift ; 
and, (4) the occurrence of scratched stones. Upon this I ventured 
in 1867 to oflFer the following remarks* : " But we must remember 
that any subaerial or fluviatile deposit, covered by an encroaching 
sea, must have that patchy character, that in its irregular accumu- 
lation, and the shape of the stones, it more resembles the gravel 
drift of the valleys than the Boulder Clay ; and the origin of this 
gravel drift is, at any rate, doubtfully glacial I think we must 
be cautious, too, about refemng the scratches on the stones to 
glacial action — though undoubtedly they are like those found in 
the true drift, and the shape of the stones is also the same. Tet 
they have never been found except where we have other evidence 
that the beds have been much disturbed. We see, where the red 
conglomerate can be examined close to great faults, that the beds 
do not get crumpled up, as in the Silurian or any even bedded 
homogeneous rocks, but that, because the hard and included 
pebbles resist more than the soft matrix, the whole mass readjusts 
itself to suit its new position, the included pebbles being often 
scrunched against one another, scratched, and broken. 

" In one place I found, inclined at a small angle to the bedding, 
a face of jointage, on which were striae similar to those on the 

1 HUt. Ule of Man, 1S4S, p. 89. 

* History and Topography of the Counties of Cumberland and Westmorland. By 
W. WheUan. Pontefraot, 1860, p. 28. 

» Q. J. O. S., Vol. XI., 1866, p. 187. The Reader, Vol. vi., Aug. 12, 1866, p. 186. 

* Notes on the Geology of parts of Yorkshire and Westmorland. Geol. Polyteoh. 
See. W. Riding, Yorkshire, July 17, 1867. 
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scratched stones running across the soft matrix and included 
fragments alike. This of course leaves it open to suppose that 
the Old Red Conglomerate may be the wreck of a glacial drift ; 
but as we know of no gravel made up of fragment of similar 
rocks which are not directly or indirectly derived from glacial 
deposits, the arguments from the shape of the stones &c., cannot, 
in the present state of our knowledge, go for much." 

Considering the evidence as to the origin of these beds derived 
from their apparent manner of accumulation and their relation to 
the beds with which they are associated I observed, " Along the 
cliffs from near Settle to Ingleton the base of the Mountain 
Limestone may be traced restmg with an almost unbroken line 
of junction on a planed-off" surface of Silurian rocks. About 
Kirkby Lonsdale, Sedbergh and many other places W. and N., 
thick masses of Old Red, with its coarse drift-like conglomerate, 
tell of deep valleys filled with the d^ris of higher land. On the 
north side of the Howgill Fells, thick beds of red sandstone and 
conglomerates, alternating with more or less calcareous shales, 
are evidently the waste of neighbouring land, resorted on the 
sea bottom, where numerous corals, shells and other forms of life 
flourished. 

" Near Horton-in-Ribblesdale, at Gillet Brae, in Beecroffc Hall 
plantation, and near Dove Cote, we have pockets of Old Red 
conglomerate in the surface of the Silurian rocks, and the 
Mountain Limestone, with its own peculiar thin beds and con- 
glomerate, seems to lie on this with an even line, as it does on 
the Silurian rocks on either side. Fossils occur among the 
fragments of Silurian, at the very base of the Mountain Lime- 
stone. Corals seem to have grown in abundance among the 
loose stones and on the rocky sea bottom, but no fossil have 
I ever found in those pockets of Old Red. This will apply also 
to the larger patches near Kirkby Lonsdale, Sedbergh, Kendal, 
and the foot of Ullswater, as far as we can observe them in those 
faulted districts. At any rate we may say that the Mountain 
Limestone never rests on an irregular surface ; all the old valleys 
and minor inequalities having been filled with coarse conglomerate 
previous to the deposition of the Carboniferous rocks. 

" It would appear from this that we have in the Basement Bed 
of the Carboniferous (the so-called Old Red Conglomerate) the 
remains of an earlier formation lying on the irregular surface of 
an old continent, and that small patches were preserved in the 
deeper hollows when the Carboniferous sea planed across it. 

" But, on the other hand, in Hebblethwaite Gill, near Sedbergh, 
we find the coarse red conglomerate succeeded by shales, grits 
and earthy limestones ; and in these shales a second bed of red 
conglomerate occurs, in every respect similar to that below. On 



1893.] evidence for the Recurrence of Ice Ages, 117 

the north side of the Howgill Fells near Tebay and Shap, there 
seems to be a clear passage up from the coarse red conglomerate 
into finer conglomerates, sandstones, shales, and limestones. The 
shales and sandstones contain remains of plants and marine shells. 
On the whole therefore it seems most probable that as the land 
went down in the early Carboniferous period, the sea kept planing 
ofiF everything up to the Lake Mountains. Perhaps there was 
then a more rapid subsidence ; at any rate the sea crept up the 
hills, and found in the recesses great masses of d6bris, the result 
of subaerial waste. Some of these got covered up and are still 
preserved; others were washed out and resorted over previous 
marine deposits, or on the bare sea bottom, and from these 
resorted beds there would be a passage up through lower Lime- 
stone shale to higher Carboniferous beds. 

" This view will quite explain why we seem to have a passage 
in one place, and in another a sharp line between the Old Red 
Conglomerate and Carboniferous rocks. 

" It would appear probable from the number and character of 
the corals and the plants imbedded in, the earliest deposits of the 
period, that the climate was temperate or subtropical." 

Some pebbles from this conglomerate have the less soluble 
portions projecting beyond the general level of the surface of the 
stone, as for instance on the boulder derived from the Bala Lime- 
stone, No. 76, on which the coral Halysites catenularius stands 
out in clear relief, showing all the details of its structure. In 
this case it is clear that the specimen has been subjected to 
ordinary weathering not to glaciation. 

XV. Striated Boulders in Cambrian Conglomerate, 

Beusch described and exhibited to the International Geological 
Congress of Washington some specimens of striated rock from 
the Cambrian conglomerate of Norway. Admitting for the sake 
of argument that these are of glacial origin they are of great 
interest as proving the occurrence of glacial conditions locally 
in those early ages, and as so far combatting the idea of there 
having been a perceptibly higher temperature at the period 
of the deposition of our earliest fossiliferous rocks. But the 
moderate uniformitarian would expect to find such traces there if 
anywhere; at the base of a system (see above, p. 109 and footnote); 
after one of the ^eatest earth movements of which we have any 
record ; in a latitude where glaciers now exist in Europe and 
where far more severe conditions still prevail on the other side 
of the Atlantic. It proves nothing in regard to periods of general 
lowering of temperature, and lends no support to any theory of 
circumpolar ice caps. 
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xvi. Conclimon. 

I have in this the first part of my communication confined my 
attention to the evidence derived from the character of the 
fragments contained in glacially transported deposits and of the 
rocK over which the ice has passed. That is to say I have con- 
sidered only the polishing and striation of the boulders and of the 
solid floor. The question I have kept before me has been always. 
Can such a condition of the surface have been produced in any 
other way than by the agency of ice ? and I have exhibited a 
series of specimens to illustrate the view that there are many 
different operations of nature by which polished and smoothed 
and striated surfaces can be produced, that some of them can in 
certain cases be distinguished from those due to ice action, but 
that many of them, especially when weathered, exhibit the 
" ghosts of scratches " undistinguishable from those left on glacial 
boulders. I have incorporated a large number of specimens 
simply in explanation of the manner in which certain conditions 
of the surface are produced, irrespective of the question whether 
the particular agent artificial or other that did in that particular 
case produce them can have existed in past ages or in arctic 
climates. 

I have then criticised the principal cases in which it has been 
contended that we have evidence of glacial action in ancient 
boulder deposits, and have shown, by reference to actual specimens 
of the rocks in question, that, not only is the evidence of palsBo- 
zoic or mesozoic glaciation in Britain inconclusive, but that the 
negative can be proved in all the cases hitherto adduced. 

Being thus warned against taking on trust evidence for glacial 
action in ancient times founded upon the form or the condition 
of the surface of the rock, I venture to throw doubt on the 
inference that the faceted stones of Copitz by Pima are of 
glacial origin. I give the results of some of my own explora- 
tions among the ancient boulder clays of Wetzikon, &c. I point 
out that the Cambrian scratched stones of Norway are in regions 
still under the influence of glacial conditions in spite of the mild 
influences of the gulf stream. I then give a sketch of the dis- 
tribution of boulder-bearing beds in India, Australia and Africa, 
but have no evidence from personal observation to oflfer respecting 
them. I admit that the consensus of many competent observers 
renders it diflScult to believe that these beds do not exhibit 
evidence of glacial origin. 

Another question must however be carefully examined before 
we can accept the view that glaciers came down to the sea in the 
region where these boulders have been discovered, that is, the 
mode of transport of boulders. First, how far from their starting 
point at the land-ice foot may they have been carried by floating 
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ice, and, secondly, by what means and how far may some of them 
be handed on by other agents beyond the regions of probable ice 
transport. 

Having thus reduced the necessary glaciation of these south 
regions to more modest dimensions we may enquire what causes 
may be suggested in explanation of the occurrence of greater cold 
in those regions in former timea We know approximately what 
increase of cold to expect as we ascend a mountain range or as a 
mountain region is upheaved, and we know that some areas are 
more unstable than others. What evidence have we of great 
earth movements in the regions from which the ice-borne boulders 
have been derived ? 

To these diflFerent but connected questions I hope to be 
allowed to return on future occasions. 

xvii. List of Specimens exhibited in illustration of paper\ 

1. Smoothed and striated surface of Molasse in situ near the highest 
part of Lausanne, Lake of Geneva. Collected with Professor 
Renevier, 1873. The striae run in a north-westerly direction. 

2. Surface of solid rock glaciated. North of Killaloe, Co. Clare, 
Ireland. 

3. Similar surface on fragment from the Clwydian Drift near Ffynon 
Beuno, St Asaph, North Wales. 

4. Boulder of Mountain Limestone which had received polish and 
striations and was then broken up and the fragments imbedded 
in the later or Clwydian Drift. 

5. Piece of the polished and striated surface of the solid Portlandien 
Kock which lay in the path of the great Swiss valley glacier 
above the quarries, north of Solothum (Soleure), Switzerland. 

6. Boulder of limestone with the protuberant parts polished and 
striated, Drift, Roslyn Pit, Ely. 

7. Vein quartz smoothed, polished, and striated by glacial action. 
Top of Slievwhuallian, Isle of Man (50 yards S.W. of fence comer, 
S. W. of Cairn x^)- Civen to me by Mr Lamplugh. 

8. Piece of Burr-stone, used in Phosphate null, Burwell Lode, 
Cambridge. 

9. Slickensides from fault in Lower Keuper Sandstone, Alderley 
Edge, Cheshire. 

10. Do. from the StockdaJe Shale of Skelgill, Windermere. 

11. A cluster of crystals of Calcite which have been exposed to the 
spray from a mountain rill. Third Grit near Park House, south 
of Wray, Lancaster. 

12. A mass of banded travertine from the side of a small stream 
draining the peat near Big Wheel Lode, Penrhyn, Portmadoc. 

13. A similar mass which was wedged in among some insoluble 
stones in such a manner as to be acted upon nearly all over. 
The points of contact with the other stones remain rough like 

1 These spedmens are now arranged, with oorresponding numbers attached, 
in the Woodwardian Maseom. 
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the three points on a Delft pUque, indicating where it rested upon 
its tripod in the firing. 

14. Comer of a rock of Mountain limestone exposed to the splash 
of a small waterfall. ThiB specimen shows a fretted surfeu^e. 

15. Piece of gypsum dug out of damp marl and showing fretted 
surface. Little Salkeld quarry, near Penrith, Cumberland. (See 
also two larger specimens in the Museum.) 

16. Basalt polished and fretted bj blown sand. West of Spa Point, 
Burntisland, Edinburgh. 

17. Quartzite pebble projecting from surface of Cambrian con- 
glomerate and fretted by blown sand. Top of cliff, east of 
Porth Seli, St Davids. Two specimens. 

18. Sand- worn stone from Western side of entrance to harbour of 
Wellington, Cook's Straits, Southern end of North Island, New 
Zealand. 

19. Another specimen in which veins of harder material project. 

20. PebHe worn by blown sand. Top of Plateau gravel, Biarritz. 

21. A large slab of red sandstone smoothed and striated : from the 
glaciated surface of the solid rock near Edinburgh. 

22. Large boulder of chalk from the Glacial Drift of Roslyn Pit, Ely. 

23. Small boulder of black limestone from the great moraioe of 
Lausanne, Switzerland. 

24. Boulder of Silurian rock from the lower Till, Longwathby cutting, 
Settle and Carlisle Hailway. 

25. Do. from clay drift 1800 feet above sea level. Top of great 
Swindale, Weasdale, Ravenstonedale, Westmorland. (29 S.E.) 

26. Boulder of Shap granite from the Eden Yalley. 

27. Fragment of limestone which had been bored by lithodomous 
molluscs and was afterwards glacially striated. Boulder Clay, 
N.W. of Greenore Point, Wexford. 

28. Piece of large mass of Jurassic limestone which projected in the 
path along which timber was dragged. Koad up Jura from 
Grenchen to Burenberg, Canton Solothurn. 

29. Do. do. 

30. Rock scratched by dragging timber over it. Bonwmuchaf , Corwen. 

31. Do. do. 

32. Surface of bed striated by fragments sHding over it from the 
top of the quarry. Rhiwallt, St Asaph. 

33. Do. do. 

34. Mountain Limestone polished and grooved by passage of wire 
rope over it. Arco Wood Quarry, Horton-in-Ribblesdale. 

35. Do. do. 

36. Rock scratched and polished by boys sliding down it at right 
angles to the direction of the glacial striae, which are obliterated 
on this specimen. Rhosygwaliau, Bala, N. Wales. 

37. limb bones of Pliosaurus from Littleport, with cuts (teeth 
marks ?). Compare No. 39. 

38. Do. 

39. Nodule of Phosphate of Lime from the Cambridge Greensand, 
with Plicatula sigillina growing over small cuts and grooves. 
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40. Slickensides along bedding plane, interrupted by worm tubes. 
Bala Beds, Constitution Hill, Aberystwith. 

41. Slickenside fluted by lumps and grains seen on the specimen. 
Landslip in Barton Clay, with some surface material dragged in. 
Barton Cliff, Hampshire. 

42. Fault breccia smoothed and scored by movement against the wall 
of the fault. Cove below Daddy Hole, Torquay. 

43. Part of fault face in Silurian. The Grove, Bodf ari, near St Asaph. 
Showing strong parallel fluting. 

44. Fluted and slickensided face of grit with film of mineral. Nodale, 
Stansfield Moor. 

45. Fluted and slickensided face of lode-stuff with film of mineral. 
Derbyshire. 

46. Curved slickenside on slate rock. Quarry north of Aberystwith. 

47. Fluted structure due to hard beds in rock, affected by imperfect 
cleavage and joints. Tirgwyn, three miles E.N.E. of St Asaph. 

48. Fart of a glaciated Silurian boulder from the drift of Maes Mynan 
near Caerwys in North Wales. The striae seen on this fragment 
however are almost all due to the weathering out of softer lines 
in the rock. 

49. Fragment of Devonian sandy shale with the joints weathered out 
into grooves. Foot of Bx)ugh Tor, about a mile from Okehampton 
Station by the track leading up to Yes Tor, Dartmoor. 

50. Finer bed in the conglomerate at the base of the Carboniferous 
Rocks showing striation across the matrix and included pebbles. 
Holbeck Gill, between Dent and Garsdale, Yorkshire. 

51. Do. do. 

52. Scratched stone from do. do. 

53. Do. do. 

54. Striated pebble in Triassic conglomerate. Portskewet, Mon- 
mouthshire. 

55. Hard lump included in the shale at the base of the Cambrian 
Grit. N.E. of Glyngarth, Menai Straits. 

56. Pebble from the conglomerate twisted into the Archaean Gneiss. 
Obermitweida, Annaberg. 

57. Small boulder crushed and broken, and the several parts more 
or less separated and then cemented together in the conglomerate 
by mineral matter. Basement bed of the Carboniferous. Holbeck 
Gill, between Dent and Garsdale, Yorkshire. 

58. Do. do. do. 

59. Do. do. do. 

60. Do. do. do. 

61. Surface of Coniston Flags smoothed and striated (slickensided) 
by thrust at base of Conglomerate (Basement Bed Carboniferous). 
Holbeck Gill, between Dent and Garsdale. 

62. Do. do. 

63. Stylolites from the London Clay, Sheppey. 

64. Flint which has been forced by earth movement through the 
enveloping chalk. 

65. Fossils thrust through surrounding material. 
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66. Pebble of quartzite wcNm by blown sand. Gopitz by Pima. 

67. Do. These are good samples of the stones supposed to have 
been ground on several sides as they occupied different positions 
under the ice. Similar specimens are exhibited in the Dresden 
Museum as evidence of glaciation. 

68. Glacially striated pebble found by myself below the lignite at 
Wetzikon. 

69. Do. on the moraine above the lignite of Wetzikon. 

70. A piece of Haffield conglomerate, Haffield. 

71. A slightly worn fragment of close textured mudstone with a 
shining surface produced by a film of iron oxide. Haffield con- 
glomerate, Haffield. 

72. Boulder of a green sandstone with shells and masses of the 
phosphate bed attached and covering striations caused by weather- 
ing along line of weakness due to rock structure. Compare 
Nos. 37, 38, 39. 

73. Rolled lump of older boulder clay found in newer boulder clay, 
awydian Drift St Asaph, North Wales. 

74. Lump of newer boulder clay (Clwydian Drift) rolled on shore. 
Colwyn, North Wales. 

75. Lump of London Clay rolled on shore. Sheppey. 

76. Pebble of Bala Limestone with Halysites catenularius projecting 
on the surface. In conglomerate at base of Carboniferous. Hol- 
beck Gill, between Dent and Garsdale, Yorkshire. 



November 13, 1893. 
Prof. Sir G. G. Stokes in the Chair. 

The following Comoiunications were made to the Society : 

(1) The Application of Newton s Polygon to ike Theory of the 
Singular Points of Algebraic Functions. By H. F. Baker, M.A. 

(2) On a Class of Definite Integrals connected with BesseVs 
Fwnotions. By A. B. Basset, M.A., F.R.S. 

This paper contains a method for reducing double integrals of 
the form I X*" e"^*' *^«(^^) ^^ ^ single integrals ; also various ex- 
pressions for the different kinds of BesseFs functions are found in 
the forms of definite integrals. 

1. In many investigations connected with the motion of 
viscous liquids and the conduction of heat, definite integrals occur 
which depend upon integrals of the form 



/ 



V c-*"* J,(Xr) dX = K," (say), 
a 
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The ordinary expression for J^ in the form of a definite inte- 
gral is 

Jn (M) = ^ S^^Ji R r^^s (Xr cos 0) sin*" 0d0. . .(1), 

and accordingly when m + ^ is an even integer, the integral V^ 
depends upon one of the form 



c 



x^ e'""*^ cos2bxdx (2). 



The value of this integral when 8 = is known to be 
V'7r/2a.€~*'/^, from which the value of the integral (2) can be 
deduced by diflFerentiation with respect to 6. 

If however m + n is an odd integer, F^" depends upon integrals 
of the form 



r 



ar»+^ €-»*«• cos 26a:da? (3). 



This last integral cannot be evaluated in finite terms. 

There is however another form of J©, which is given by the 
equation 

t7o(^^) = — / sin (\r cosh 6) c?6 (4), 

and consequently Fp*"** depends upon iategrals of the form 

a^w+i e-a«i^ sin 26a?da? (5), 



f' 

JO 





which can be deduced from the known value of (2) by differentia- 
ting with respect to b. 

The integral (2) enables F,"* to be integrated with respect to 
\ when m is an odd integer; but when m is even this integral 
cannot be employed. Now J^'ir) = — /^(r), and if it were allow- 
able to differentiate (4) with respect to \r, we should obtain 

2 r* 

J (Xr) = 1 cosh <f> cos (Xr cosh <^) d<^ (6). 

We shall hereafter prove equation (6) by a different method ; 
accordingly when m is an even integer equation (6) enables F,"* 
to be integrated with respect to X. Since any three Bessel's 
functions are connected together by the equation 

J^,{w) = 2nx-' JM-J^M (7), 

it follows that since V^ and V^ can be integrated with respect to 
X for any integral value of m, the same process can be performed 
upon F^"*. 
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The advantages of reduciog a double integral to a single 
integral are obvious ; and it ofben happens that when the integra- 
tion with respect to \ has been performed, the integration with 
respect to or ^ can also be effected, and the integral completely 
evaluated. 

A good many proofs of (4) have been given, one of which will 
be found on p. 431 of the fifth volume of these Proceedings. 
Equation (6) may be established in a precisely similar manner by 
integrating the definite integral 



Jo Jo 



X sin X cos I** (a? — f*)dx du, 



first with respect to Xj and then with respect to u and comparing 
the results. 



The function F^. 

2. In many investigations the second solution of Bessels 
equation, which will be denoted by F^, is required. In some cases 
it is better to employ complex quantities throughout and to discard 
the imaginary part in the final result, whilst in others it is better 
to employ a function with a real argument. It is easily shown 
that the definite integral 

Trjx (Z^09 ^^^' 

satisfies the same equation as J^ (r), as is otherwise obvious from 
the theory of linear sources of sound — see Bayleigh, Theory of 
Scmnd, Vol. ii. p. 275. The integral (8) may be written 

2 r" 2t f* 

— I cos (r cosh <l>)d(l> I sin (r cosh ^) d<l> = Y^ (r) — uT^ (r) 

by (4), whence 

2 f * 
^o(0 = — I cos (r cosh <^)d<^ (9), 

which may be regarded as the definition of F©; also differentiating 
with respect to r, and recollecting that Fi (r) = — F©' (r) we obtain 

2 f* 
^1 (0 = - I cosh <j> sin (r cosh <^) d^ (10). 

This result will be obtained by a more satisfactory process 
later on. 
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It is proved in Lord Rayleigh's Sound, Vol. ii. p. 273, that 

W; r 1 . 8ir^2\(Siry 3!(8tr)' ^ '•*) 

= - - (7 + log i^r) Jo (r) - - (|iiS, - 2S^,iS,+ 

where 7 is Euler's constant, and S„ = 1 + 2""^ + . . .n~^. The 
imaginary part of the right-hand side is obviously equal to 
— iJo (r), and we must now show that the integral (9) is equal to 
the real part of either side of the above equation. This we shall 
do by showing that the integral (8) can be expressed by means of 
the series on the left-hand side of (11). We shall also establish 
the legitimacy of equation (10), which was deduced from (9) by 
differentiation with respect to r. 

In (8) put a? = 1 H- y and it becomes 

ttJo y*(2 + y)* TT Jo^ ' r *W 

+ ...(-)«^„(|y...|dy, 

^^^"^ ^-= 2.4...2n ' 

Now [\-^r, n.idy= ^'^'y}^r^\ ^,. 

Jo _ ^ {2Lry (tr)*' 

so that the integral 

/ 2 \* ( 1' 1* S'* ) 
= (— €-r 1_ i_^.^^^ [ (12). 

WirJ { Sir 2!(8£r)* ) ^ ^ 

The latter series is therefore equal to F© (r) — uTq (r) ; and by 
realizing and equating the real and imaginary parts we shall 
obtain the two series for F© and Jq which are given in Rayleigh's 
Sound, Vol. II. p. 275 and Vol. i. p. 264. 

Equations (10) and also (6) may be deduced by differentiating 
the series (12) with respect to r and then summing the two result- 
ing series to which the differentiation leads. 

3. The circumstance that two distinct forms of the J functions 
exist in one of which the limits are 1 and 0, whilst in the other 
they are 00 and 1, for equation (4) is equivalent to 

p cos rxdx _ /** sin rxdx 
Jo (l-a^y^Ji (x'^l)^' 
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suggests whether a similar form does not exist in the case of the Y 
functions. We shall now proceed to show that this is the case, 
and the method which we shall adopt is that of Lipschitz^, and 
depends upon the proposition in the theory of complex functions 
that f/(z)dz taken round any closed curve which does not 
surround a pole of the function/ (^r) is zero. 

Consider the integral 

€-»•* dz 



I 



taken round a rectangle bounded by the axes and the lines x = h, 
y = 1. No pole lies within the rectangle, and the comer 2r = t of 
the rectangle is the only pole of the function which lies on the 
boundary ; we must therefore exclude this pole by drawing a 
quadrant of a circle round it, whose radius ultimately vanishes. 
The portion of the integral taken along this quadrant will 
ultimately be found to vanish, so that no difficulty arises in conse- 
quence of integrating through this point. The integral accord- 
ingly leads to four integrals taken along the four sides of the 
rectangle, whose sum is zero; and if we make h==oo, we shall 
obtain in the limit the following equation 



t 



h (l-y")*"io (1+^)* Jo {l+{x + ,)y ^^^^• 



The first integral on the right-hand side is real, whilst the 
second is complex ; and by means of the equation 



/, 



OD 





it may be written 

Jo xi(x + 2L)^ a/ttJo Jo 

= 2 [ (r + u')-* {cos (r + 2w') - 1 sin (r + 2w*)} du 
Jo 



=/, 



* cosrv — Asinrt; , 

-at;, 



(t^-1)* 

if r + 2u^ = rv. Equating the real and imaginary parts in (13) we 
get 

n cos rydy _ T* sin rvdv 

fi Bin rydy _ f°° e-"' dx _ f" coa rvdv 

1 CreUe, Vol. lvi. 
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The first equation is a reproduction of (4) ; whilst the second 
equation leads to 



2 f* 
^0 W == - I cos (r cosh x) dx 



= ? r€-^^^^*d6-~[ 8in(rco80)d0 (14). 

This equation gives the second form of Yo(t). It will be 
observed that the second integral on the right-hand side is analo- 
gous to the integrals by which the first form of the J functions 
are expressed, whilst the second is analogous to one of the forms of 
the K functions ; and it is worthy of note that the last class of 
functions are also capable of being expressed in two different forms 
which closely resemble those of the J functions. The conuection 
is expressed by the equation 

K^ (r) = / e-"""^^^ d0 = cos (r sinh 0) d<^ ; 
Jo Jo 

see Hydrodynamics, Vol. ii. p. 18. 

4. We shall now consider the functions J^ and F,. 
By integration by parts we obtain 

r^/-. «\i J 1 ('^ xsmrxdx 
I (1 —ar)* cos ra;cw:= —rz. irn— > 

, r / \ 2 r^ a? sin rxdx 
whence J. (r) = - I -7^ -jr^ . 

*^ ^ TTJo (1 -^)* 

Now consider 



/ 



Z€-^dz 



taken round the rectangle as before. This will be found to lead to 
the following equations : 

fsinh ^e— "^^ # -1 f " co« (^ cosh <^) d^ 
Jo ^ ^ rJo l + cosh<^ 

-J*sin(rcosh <l>)d<f>+ f ^-^^;^=^0.,.^ 

2 p sin (r cosh 0)d0 2 [* . u j.\ ^ji /i«\ 

«/. (r) = — / — ^^ ,^^ ^ cos (r cosh <p) a0...(16). 

*^ ^ tttJo l+cosh0 ttJo x/ t- \ / 

Integrating the first integral on the right-hand side of (16) 
by parts, and assuming that sin 00 = 0, which is justified by our 
previous results, we get 

2 /"* 
J. (r) = I cosh <f> cos (r cosh <f>) dd>, 

TT Jo 
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which we have already obtained, whilst (15) leads to 

T=-{ sinh ^€- »•»»"»»• rf^ + - [ cos ^ cos (r cos 0) d0. . .(17). 

The last result might be immediately obtained from (14) by 
diflFerentiation. 

(3) On Isotropic Elastic Solids of nearly Spherical Form. 
Part I, Equilibrium. By C. Chree, M.A. [Published in the 
Transa^ctions,] 

November 27, 1893. 

Prof. T. M^K. Hughes, President, in the Chair. 

Dr F. H. H. Guillemard, Mr R Assheton and Mr J. W. 
Capstick were elected Fellows of the Society. 

The following Communications were made to the Society : 

(1) The action of Light on Bacteria. By Dr H. Marshall 
Ward. 

By throwing the spectrum on various bacteria suspended in 
films of agar, it is possible to obtain photographic records of 
the action of the various rays; because, after incubation, those 
spores or bacilli &c. which are killed by certain rays remain 
invisible, whereas the colonies which are formed by the ger- 
mination of those still left capable of development render the 
agar opaque. The experiments show that those germs which 
are struck by the infra-red, red, orange and yellow develop as 
rapidly as those not exposed to light at all. The action begins 
as we leave the green, and rises to a maximum in the blue- 
violet and violet, falling oflF as we pass into the ultra-violet. 

For the solar spectrum a heliostat and glass lenses and prism 
were used ; for the electric spectrum a quartz train, and quartz 
covering to the film. Even a thin plate of clear glass blocks out 
much of the effective region of the spectrum, and especially ultra- 
violet rays. 

The author records his thanks to Prof. O. Lodge, F.R.S., for 
kindly exposing the plates to the electric spectrum for him, with 
most successful results. 

The author also found that the water of the Thames, examined 
in August and in October respectively, shows the following in- 
teresting results. 

1. The number of bacteria per c.c. was distinctly smaller 
in the bright August weather than in the duller days of October, 
and differences were observable in the aspect of the colonies on 
plate-cultures. 

2. Suspecting that this was concerned with light action, 
experiments showed that insolation not only kills off large 
numbers of the bacteria in the water, but in some cases shows 
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its effects in diminishing the liquefying (i.e. enzyme action) 
power of certain forms, and even in altering their mode of 
growth, so that the aspect of the colonies on gelatine plates is 
affected. 

These changes in aspect are not a mere matter of preventing 
or increasing the production of pigment, &c., but are due to 
effects on the growth of the colonies. As regards pigments, the 
author has examined a pigment of one of these river-species, 
which pigment, though so resistent as to bear solution in alcohol, 
evaporation and drying at 100° C, and re-solution, without appa- 
rent alteration, is destroyed in an hour or two on exposure to 
light. 

(2) On Oynodioedsm (third paper), tvith a preliminary note 
upon the origin of this and similar phenomena. By J. C. WiLLis, 
M.A., Gonville and Caius College. 

The experiments begun in 1890, upon which two preliminary 
notes have been published (Proc, Camh, Phil. Soc, vii. 1892, 
p. 348, and viii. 1892, p. 17) have been continued during 1893. 
The chief point of immediate interest in the present year's ob- 
servations was the change of type of some plants. It has hitherto 
been taken for granted, so far as can be found from a careful 
study of the literature, that a "female" plant remains female 
throughout its life history, and a hermaphrodite likewise. This 
year's experiments have shown that this is not the case. A wild 
female plant of Origanum vulgare which was transplanted from 
Abington (see 2nd paper, p. 18) and which remained female 
during last year, came out hermaphrodite in the present season. 
On July 15, 1893, it was in full flower, and was covered with 
normal hermaphrodite flowers, with here and there a stray female 
flower, just like a normal hermaphrodite plant. The few female 
flowers were almost entirely borne on the lower lateral tufts. 
On July 22, it was in a similar condition, and the female flowers 
were comparatively large. Presently, however, a change occurred, 
and by Aug. 10, the plant looked like a normal female, only 
bearing a few hermaphrodite flowers. (The flower of Origanum 
usually lasts about a week.) In this condition it remained for 
the rest of the season, at times, however, bearing a considerable 
number of hermaphrodite flowers. 

The bed of seedlings of 1890 (see 2nd paper, p. 18) flowered 
vigorously again this year; but although in 1892 there were 
several female plants among them, during this year no stalks 
appeared which could be termed female, though some of the 
hermaphrodites bore several female flowers. As the female plants 
of 1892 were not specially marked, it was impossible to determine 
whether they had turned into hermaphrodites, but in view of 

VOL. VIII. PT. III. 10 
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the observations above, and of tha improbability of them all 
having died, it seems quite likely that they have done so. 

SiLar facta are g?ven in the^ precedi/g pape« («ee especially 
the case mentioned in 2nd paper, p. 19). 

Various observations have been made on other gynodioecious 
plants, chiefly for purposes of comparison with the work of other 
writers upon this subject. A few of these are worth recording 
here. 

CapseUa Bursa pastoris, Moench. — On March 12, 1893, speci- 
mens of this plant were observed on a wall near Grantchester 
Church, bearing female flowers only, and on April 16th, at 
Clayhithe, similar plants were found by Mr Burkill and the 
author. 

The Grantchester plants had just begun to flower, and showed 
an almost total abortion of the stamens. The Clayhythe plants, 
however, possessed stamens which were often fertile, but too 
short to reach and pollinate the stigma. Every stage from fully 
female flowers with aborted stamens, to normal hermaphrodites, 
was observed upon these plants. The lowest 15 — 20 flowers 
in some racemes were unfertile; above these were a few that 
had set small shrivelled-looking capsules, and then came fully- 
developed fruit, with normal flowers above. 

In November of the present year, racemes of CapseUa were 
again found bearing female flowers. Their presence would thus 
seem to be dependent upon the light or temperature. 

CapseUa may thus, under certain circumstances, appear gyno- 
monoecious or possibly gynodioecious, as has indeed been observed 
already by Breitenbach\ 

Hippuris vulgaris L. — Plants have been observed in the Ouse, 
near Ely, bearing female flowers only. It has been recorded* 
as dioecious, but the author has not seen any but hermaphrodite 
and female plants. 

Asperula cynanchica L. — This plant, growing upon the steep 
dry bank of the Cherryhinton chalk-pit, exhibits the two forms 
described by Miiller*. On July 30, 1892, and again on August 5, 
1893, it was observed that the bulk of the flowers were female, 
with small aborted stamens. 

Scabiosa arvensis L. — The gynodioecism of this plant is well 
known. Miiller describes it in such a way as to give the idea 
that the female form is frequent, if not abundant, in Low Ger- 
many. On the other hand, it appears from the recent obser- 
vations of Macleod* that the female form does not occur at all 

1 ** Einige neue Falle von Blutenpolymorphismus." Kosmoa 1884, p. 206. 

2 Kirchner, " Flora von Stuttgart und Umgebung." Stuttgart (Ulmer), 1888. 
8 ♦' Fertilisation of Flowers,'* English edition, p. 302. 

* ** Over de bevrachting der bloemen in het Eempisch gedeelte van Vlaanderen.*' 
Botanisch Jaarboekf Gent, v. 1893, p. 394. 
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in West Flanders. Darwin* found it frequent in Kent, while 
in Cambridgeshire during the last few years, the author has found 
it very much more common than the hermaphrodite form. 

Prunella vulgaris L. — ^The author has never observed a female 
plant in England, though great numbers have been examined. 
On the Continent it seems to be frequently female. 

If we sum up the results of these and other observations upon 
grynodicBcism and gynomonoecism, we may come to the following 
conclusions. They are very wide spread phenomena, but in a 
large number of cases where they occur, seem only to be sporadic. 
In a few cases, e.g. many of the Labiatse, and possibly other* 
orders, the phenomena are pretty regularly shown, and appear 
to be fixed by heredity. In all cases, however, they are very 
variable ; this is well seen in the observations given above, and 
in those of Schulz', Ludwig, Loew and other writera Causes 
of variation appear to be soil, temperature, light, climate and 
causes internal to the plant itself, all acting upon and deter- 
mining the immediate cause, which may be differences in nu- 
trition of the flower primordia. 

The female Viewers in the Labiatse are as much visited as 
the hermaphrodite, and set many seeds; according to Darwin 
more than the hermaphrodite, according to Schulz not so. In 
these cases it is therefore pmbable that it is a distinct advantage 
to the plant to possess the two forms. In other cases the ad- 
vantage seems rather doubtful. It is noteworthy that a large 
proportion of gynodioecious plants are perennials with good vege- 
tative reproduction. 

With regard to the origin of these phenomena, there has been 
much discussion. MtiUer's view has now been entirely abandoned 
and need not be considered. Hildebrand and Ludwig regard 
it as an outcome of dichogamy : most of the plants exhibiting 
it are protandrous and the stamens of the first flowers are there- 
fore useless and may become aborted. This view Ludwig supports 
by his observation that in Thymus the female plants bear a larger 
proportion to the hermaphrodites at the beginning of the season 
than later on. The author made some observations upon Nepeta 
Glechoma (see 1st paper) which tended to confirm this view. 
These have been continued and now afford the following Table 
[the numbers represent percentage (of the total number of plants 
in flower) of female plants in flower]. 

Week 12 345 678 

1891 60- 16- 35-8 285 

1892 57- 30-9 25*8 29 2 

1893 37-5 25- 168 143 6 8 31-3 31* 20 

» " Forms of Flowers," p. 305. 

^ *'Beitrage zur Eenntniss d. Bestaubungseinrichtungen n. d. Geschleohterver- 
theilongen bei den Pflanzen.** Bihliotheca Botanical Heft 11 a. 17. 
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[In the first week, 1891» only 8 plants were out, in 1892 only 7, 
in 1893, 24.] 

It is thus evident that on the whole the female plants flower 
a little sooner than the hermaphrodite, but the proportion, after 
the first week, does not &11 much, and has a tendency to rise 
again later in the season. Schul2\ on the other hand, states 
that the proportion of female to hermaphrodite plants is not 
dependent on the season. Hence the support given to the 
hypothesis of Hildebrand and Ludwig by these observations is, 
if any, very slight. The author s (not yet published) observations 
on dichogamy in Thymus serpyllum show that, though it is fully 
dichogamous late in its flowering season (ie. the male period 
is over when the female begins), it is not so at first, there being 
a considerable overlap, during which the flower is hermaphrodite, 
and may fertilise itsel£ This phenomenon, if general, would also 
be an argument against the hypothesis under consideration. 

Darwin' looks on the greater fertility of the female form as 
the great factor in producing gynodicecism, but leaves it as un- 
decided whether this was the first cause or whether the stamens 
began to abort and so raised the fertility of those lowers. Schulz 
denies the greater fertility of the female, and it should be ob- 
served that in any case, a Labiate flower can only give four seeds, 
which it does when it is properly pollinated, whether hermaphro- 
dite or female. 

Taking together all the facts, it would seem that the proxi- 
mate cause of one flower being female, another hermaphrodite, 
is some difierence in nutrition; in the case of gynodioecismi, 
between two plants, in the case of gynomonoecism between 
flowers on the same plant. The phenomena vary largely with 
the nature of the soil and climate, with the season of the year, 
and other conditions. Females are apparently more common in 
very wet situations, though occasionally the reverse is the case. 

Gynodioecism and gynomonoecism are almost invariably asso- 
ciated with pronounced dichogamy. It seems probable therefore 
that in dichogamous plants, the various causes mentioned above 
may produce a considerable degree of gynomonoecism, or even 
gynodioecism. This may prove advantageous and become per- 
petuated by natural selection, as seems to have occurred in the 
Labiatae and other orders. 

Many other phenomena are apparently due to similar causes 
acting upon the plant. These may be briefly considered. 

Androdioecism, which is very rare, is almost certainly due* 
to lack of nourishment of the male plant, and so too, anaromo- 
noecism to some flowers receiving a small supply. 

^ Loc. ciu ^ Loc. eit. p. 304. 



^ Lioc. ciu ' juoc, eti. p. 

' MuUer, "Alpenblumen," p. 41. {Veratrum,) 
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Dioecism, in angiosperms, is descended from hermaphroditism, 
and although it is hereditary, it has been shown that the sex 
of a seedling can to some extent be determined in advance by 
its conditions of nutrition. Thickly sown* seedlings of Lychnis 
diuma gave 200 males to 100 females. Thinly sown, on the 
other hand, 77 males were obtained per 100 females. Various 
similar observations have been made. The phenomena of dicecism 
show considerable variation in nature, like those of gynodioecism 
(see Darwin, loc, dt). 

Fragaria, hermaphrodite in England, becomes dicecious or 
polygamous in the United States. Dioecism in some cases may 
have come from heterostylism (Mitchella, &c.). Monoecism presents 
similar phenomena. 

Cleistogamy is also a very variable phenomenon, appearing 
sporadically in many plants, constantly in othera It appears to 
vary with the time of year, soil, climate, light and temperature 
(according to some unpublished observations of the author's upon 
Salvia Verhena/xb L.). Vochting* has recently shown in a very 
striking way the effect of light upon the production of cleisto- 
gamy. It is noteworthy that cleistogamous plants are not usually 
very dichogamous. It does not usually occur in gynodioecious 
genera (except Salvia). 

Lastly dichogamy is a phenomenon closely bound up with 
some of the above, and largely dependent on external conditions. 

Meehan' has tried to show that it is largely dependent on 
temperature, and the author inclines to the same view, though 
in a modified form. It varies with season, soil and other con- 
ditions, both in different plants of the same species, and (as 
observed by the author) in the same plant at different times. 

To sum up, it appears probable that all these phenomena are 
closely allied to one another, depending very largely upon ex- 
ternal causes, and capable of being called out, or modified, by 
these, in a very marked degree, but at the same time, fixed to 
a great extent by natural selection and heredity. The author 
is now engaged in working up the literature relating to these 
subjects, and hopes to puolish a review of it, discussing the 
subject of the origin of these phenomena in some detail. 

In conclusion, the author desires to thank Mr F. Darwin, 
Mr B. I. Lynch, and Mr I. H. Burkill for valuable advice and 
assistance rendered. 

1 HofiFmann, "Ueber Sexualitat." Bot, Zeit. vol. 43, 1885, p. 145. 

3 Prings. Jahrb. xxv., 1893, Heft 2. 

> Yarioos papers, chiefly in Proc. Acad, Nat, 8ci, Philadelphia, 1885 — 1893. 
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January 29, 1894. 
Prof. T. McKenny Hughes, President, in the Chair. 
Mr E. W. MacBride was elected a Fellow of the Society. 
The following Communications were made to the Society : 

(1) Electricity of Drops. By Professor J. J. Thomson. 

(2) Mr Griffiths described an easy method of making 
absolutely air-tight joints between glass and metal tubes, by 
means of an alloy which has a low melting-point. The use of 
this alloy was suggested by Mr F. Thomas. An illustration was 
given of the ease and certainty of the method. 

(3) A compensating open-scale barometer was then exhibited 
and described by Mr Griffiths. 

The principle of this instrument is the same as that of 
Professor Callendar's long-distance air thermometer. An air bulb 
is placed within a second bulb and the annular space between 
them is filled with sulphuric add. The air and the H SO^ have 
a common surface in a tube connecting the two bulbs, the H,SO^ 
also communicates with the air by means of a vertical tube 
partially filled with acid. The masses of air and sulphuric acid 
are so adjusted that when the temperature of the instrument is 
raised, the increase in pressure due to the increased length of 
the sulphuric acid column in the vertical tube exactly counter- 
balances the increase in pressure of the contained air and thus 
the position of the common surface is unchanged by alterations 
in temperature, although at once affected by alterations in the 
externai pressure. The resulting scale is about six times as open 
as the scale of a mercury barometer, and the readings give the 
pressure expressed in terms of the length of a column of mercury 
at 0^ C. in latitude 45^ without any preliminary calculations. 

(4) On the condition of the interior of the earth ; a correction 
and addition to a former paper. By Mr O. Fisher, Hon. Fellow 
of Jesus College. 

I wish to correct an error in a paper " On the hypothesis of a 
liquid condition of the earth's interior in connection with Professor 
Darwin's theory of the genesis of the moon," read in May last 
year. It is unnecessary to go into all the geological arguments 
which favour that view. Many of them will be found well set 
forth in an article in the Fortnightly Review^ by Dr Alfred 
Russel Wallace, F.R.S. The strongest argument on the other 
side is admitted to be the existence of ocean tides ; and it was in 

1 Nov. 1892, "Our Molten Globe." 
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that connection that my mistake occurred. Desiring to ascertain 
the amount of diminution of the tide in an equatorial canal, 
I chose for the tidal deformation of a liquid globe an inapplicable 
value, viz. If feet from highest to lowest. I took this estimate 
out of Thomson and Tait's Nctt, Phih^ but, as Mr Becker of the 
U.S. A. geological survey has pointed out, I unfortunately over- 
looked the condition on which it had been obtained, which was 
that there should be no mutual attraction among the particles 
of the liquid' interior. The use of this number led to the 
incorrect result, that the diminution of the ocean tide would be but 
small, and I concluded that more importance had been attached 
to this point than it possessed. 

I have lately calculated what would be the tidal deformation 
of a liquid earth owing to the attraction of the moon, supposing 
Laplace's law of density to obtain. The method followed was 
simply to substitute the moon's potential in place of that of the 
centrifugal force in the usual calculation of the earth's figure 
by means of Laplace's functions. The result that I obtained was 
a deformation of 3*45 feet, or 6*90 feet from highest to lowest. 
Whether this is to be found in text books I do not know. 

The first three pages of the paper referred to consequently 
lose their force. But if the tidal objection can momentarily be 
waived, I think the remaining portion of the paper contains 
among other things a forcible argument in favour of liquidity, 
owing to the accumulation of the heat generated in the central 
parts by tidal friction during the lengthening of the lunar day in 
the lapse of ages^ 

This being so I am encouraged to make another attempt to 
find a way of escape from the tidal argument for rigidity. 

The potential at a distance r from the centre of a liquid 
sphere deformed by the moon's attraction may be expressed by 
the formula 



ill !• / • t* ,1 



where a is the earth's mean radius (i.e. of the undeformed sphere), 
€ the ellipticity caused by the moon's attraction (a negative 
quantity), and fi is the cosine of the angle between r and the line 
joining the centres of the earth and moon, and 

__ moon's mass ^ 
^ "" * (distance)'* ^ ^ ' 

1 2nd Ed. § 804. 2 Ibid. § 799. . 

' There is an obvious erratum at p. 340 regarding the lunar day. For " The 
present" read ** Suppose the". 
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Now, if any tide exists, supposing the water to be of mean 
depth h, and y to be depth of the wave below its mean level, we 
shall have for the distance from the earth's centre to the surface 
of the water, 

r = a{l4-(i-A*')€}+A-y. 

Substituting this value, we have for the potential of the 
deformed earth at the surface of the water, 

or 9(a-h + y)-\- t(J -/a'). 

If we differentiate this with respect to dO, it will give the 
horizontal attraction of the deformed earth in the direction away 
from the moon, which, since /tt' = cos^^, will be 

- sin 20. 
a 

Again, the moon's potential at the same point is 

This, when differentiated, gives the moon's attraction on the 
same particle of water in the same direction as before 

--sin 2^. 
a 

These two forces being equal and of opposite signs will balance 
one another, and the water will not be disturbed, and there will 
be no tide. 

It follows from the above — in fact it is almost self-evident — 
that in order that the argument for rigidity derived from the 
ocean tides should be complete, the surface of the earth should, if 
the interior is liquid, be deformed to the exact shape that the 
moon's attraction would produce in a liquid globe ; or, in other 
words, the mean form of the surface of the solid crust should be, 
under the attractive force, one of the equipotential surfaces, just as 
the ocean surface would be one of them, if not interfered with by 
land. But it seems certain that in nature the solid surface would 
not so conform, because on the hypothesis of liquidity there must 
needs be deep depressions, which I have called roots of mountains, 
answering to the elevations, and extending to many times their 
height down into the heavier liquid in order to support them. The 
presence of these roots explains the observed deficiency of gravity 
beneath elevated tracts. Now seeing that a tide is caused by the 
local accumulation of liquid by differential horizontal flow, these 
roots would so break up and deflect the tide wave in the substratum. 
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• 

that the exact form of the tidal spheroid at the mean under- 
surface of the floating crust would not generally be maintained, 
just as it is not maintained at the surface of the ocean owing to 
the deflection caused by coast lines; whence arise the irregularities 
known as the establishment of ports. The result would be, that 
the upper surface of the crust would not conform to the rule of 
the equipotential surfaces, and ocean tides would be possible, for 
it is highly improbable that the establishments of the tide in the 
substratum should exactly agree with those of the ocean. 

If there is truth in this suggestion, it would seem likely that, 
where there is an exceptionally large unbroken area of ocean, 
there would also be a comparatively smooth extent of under- 
surface to the crust, and the form of the tidal equipotential 
surfaces might be more nearly preserved both for the subjacent 
liquid and for the water. In such an area the ocean tides would 
consequently be small. Now this is the case in the central parts 
of the Pacific, scarcely any tide being observable at the Sandwich 
Islands\ 

If however tidal waves derived from the main equatorial tide 
in the substratum by reflection at the mountain roots were to 
be propagated into higher latitudes, they would cause undulations 
every six lunar hours in the crust ; and it is a question whether 
these would not be noticed at observatories. 

And first of the effect upon the clock. Suppose the point of 
suspension of a pendulum to be carried downwards, or upwards, 
with a mean velocity of b feet in six hours. The average accele- 
ration of the bob with reference to the point of suspension would 
^ ffT b/6 X 60' feet per second. In 12 hours the gain would 
compensate the loss ; each of which would be 6/64 seconds. For 
example, if the crust tide from highest to lowest was six feet, the 
gain or loss in six hours would be about ^th of a second. This 
would not be noticed. 

As regards the levels, the passing wave would scarcely affect 
the direction of gravity at all, because the direction of gravity 
would still be towards the centre of the earth. But the supports 
of instruments would be slightly tilted. To estimate roughly how 
much, suppose a tidal wave, which when n days old arrives in 
latitude \, to be represented by the formula 

b 2mr 
y = ^cos— r-a?: 

that is, suppose it to be modified in its passage as if it had a 
height 6/2 at the equator, and ran up as a simple harmonic wave 
of n loops to the place in question. 

^ Herschel's Physical Geography ^ § 78. 
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Then 



dy ^nir b . 2nir 

"T^ = s Sin - — x. 

ax a\ 2 a\ 



2mr h 
Hence ^ will represent the maximum tilting, a being the 

earth's radius, and b the range of the wave from highest to lowest. 
For illustration suppose the latitude to be 60°, and the age of the 
tide two days, and the range of the wave six feet. This would 
indicate a tilt of 0*35 of a second, which would be noticeable with 
Mr H. Darwin's pendulum. 

Attention has lately been given to small disturbances of the 
surface, and it was only last week that a short article on " earth 
movements" by Prof. Milne appeared in Nature, in which he 
tells us of a *' tide-like movement of the surface of the earth." 
He adds that the effect is '* too large for a terrain tide produced 
by lunar attraction." This can only mean that the deformation 
which has been observed is larger than the deformation which 
lunar attraction would produce in the earth : because any de- 
formation directly produced by lunar attraction would not be 
indicated by any effect on Mr Darwin's pendulum, unless the earth 
was rigid. But disturbances of the surface by deflected tides in the 
substratum in the manner now suggested would be noticeable by 
means of that pendulum, and they would have a greater rise and 
fall in comparison with a " terrain tide " caused by lunar attraction, 
just as the tides on our shores rise and fall much more than would 
happen in the case of a rigid earth wholly covered with water. 
In the case of deflected tides as suggested, the tilt would in 
general be in some direction differing irom east and west, always 
the same at the same locality, but altering from one locality to 
another. All these points are for observation. The disturbances 
would need to be disentangled from those arising from barometric 
changes, and their periodicity made out. If caused in the manner 
suggested, they ought to alternate every six lunar hours, and to be 
most marked at spring tides. 



(6) On a combination of prisms for a stellar spectroscope. 
By H. F. Newall, M.A., Trinity College. 

The arrangement of prisms, which is the subject of this note, 
has not so far as I am aware been described before, and its con- 
veniences, for astronomical purposes in particular, are so numerous 
that I propose to give some details concerning it 

ABC is a strongly dispersing prism ; all three faces are accu- 
rately worked, and the angles at A and JS are equal. 

DEF is an ordinary double total reflexion prism. 
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of prisms for a Btetlar gpectroacope. 



These two prisms are relulively fixed as ahown m the ac- 
companjiog section with the faces AB and DE parallel (or 




Prisms relatively fixed. Combiaation capable of being turned round G. 

approximately so), the edges of the prisms are also parallel and 
further the edges G and F lie in a plane QGF which passes 
through the middle, Q, of the fiice AB and is perpendicular 
to AB. 

The combination thus formed is Bymmetrical about the plane 
OGF and is made capable of being tumed about an axis which is 
the intersection of the plane QGF with the face AB. Thus in the 
figure, the section turns in the plane of the paper round Q. 

Light from a collimator falls on the face AB aa indicated in 
the figure (the central ray however falls on Q), and the incidence 
is suitably adjusted by turning the combination about G; the 
usual telescope is adjusted to view the spectrum. The light 
from the collimator suffers deviation and dispersion in passmg 
through the prism of refracting angle A; it is then twice reflected 
within the reflecting prism and again suffers deviation and dis- 
persion in passing through the prism of refracting angle B. 

The spectrum seen with the telescope is therefore similar to 
what would be seen in a two-prism spectroscope whose prisms 
were of the same material as that used for the prism ABG and 
had angles equal to A and B respectively. 

The telescope receives, when it and the prism-combination are 
properly adjusted, not only the light which has passed through the 
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combination but also the light reflected from the surface AB a,t 
primitive incidence. The reflected light gives rise to a simple 
image of the slit, which appeai-s to be superposed upon the 
spectrum ; for ease in description and for an obvious reason this 
will be called the " pointer." If the prism-combination is turned 
through a small angle S0, the pointer moves through the angle 
280 but the spectrum moves through a much smaller angle, 
whose magnitude varies with the part of the spectrum considered. 
Hence the pointer can be made to coincide with any line in the 
spectrum and its change of position is known in terms of the 
corresponding change of position of the prism-combination. If 
therefore a suitable micrometer movement is used to move 
the prisms, the position of the pointer may be read off the 
micrometer. 

The line in the spectrum which coincides with the pointer is 
always that which is due to rays which have passed symmetrically 
through the prism combination. The movement of the prism gives 
symmetrical passage to different rays in turn and the pointer 
indicates which ray has passed symmetrically. 

The course of rays which pass symmetrically through the 
prism -combination is shown in the figure ; such rays emerge from 
the face AG in Sk direction parallel to the plane of symmetry, and 
consequently the deviation in passing through the prism A is 
equal to the angle of primitive incidence : 

D = <l> = <l> + ylt-'A, 

whence A ^y^, or the angle of emergence from the face -4C7 is 
equal to the angle A. The angle of emergence can be made, 
under readily calculable conditions, equal to the angle of primitive 
incidence, but generally only with rigid accuracy for rays of one 
refirangibility ; hence the rays which pass symmetrically will not 
in general pass with absolute minimum deviation. 

The ' pointer ' may be considered as being connected with the 
prism, and independent of the observing telescope. It is thus 
attached, so to speak, to the strongest part of the instrument 
instead of the weakest, where the micrometer is usually placed, 
namely the eye end of the telescope. The telescope is used 
merely as a magnifier. The need for carefully worked surfaces 
for the prisms forms perhaps the strongest objection to the use of 
this combination; curvature in any one surface of either prism 
must throw the points and the spectrum into different focal 
planes in the observing telescope and so introduce parallax diffi- 
culties which can only be eliminated by reworking the faulty 
surface. Two prisms which I have in my possession and which 
were worked by Hilger, have been used to test the capabilities of 
the combination, and give excellent results. 
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The observing telescope is pointed towards G and is mounted 
so as to turn about the same axis through as that about which 
the prisms turn ; this single motion is enough to bring every part 
of the spectrum in turn into view. Thus the advantages of a 
two-prism spectroscope are obtained without the disadvantages 
arising from the usual double adjustment necessary in directing 
the observing telescope. The combination which I describe may 
therefore replace a grating, in a diffraction spectroscope. 

If a bright star is observed, both spectrum and pointer are 
bright ; for a faint star, the brightness of the pointer is appropri- 
ately subdued. The fact that the brightness of the pointer 
maintains a suitable proportion to the brightness of the spectrum 
to be investigated is a great convenience. 

In astronomical work, the object-glass of an equatorial is used 
to throw an image of the star, whose spectrum is to be studied, 
on the slit of the spectroscope. If the slit is widened, the image 
of the star itself is seen in place of the pointer. This is a great 
convenience in as much as in most cases the star may be thus 
identified. When the star is recognized amongst its neighbours, 
the slit is closed to a suitable width and the 'pointer' then 
appears as a short narrow line in the spectrum. In practice it is 
preferable to have the pointer not actually superposed on the 
spectrum, but displaced so as to be a little above or below the 
spectrum. This end may be attained by slightly tilting the 
reflecting prism. 



February 12, 1894. 

Pbof. T. McKenny Hughes, President, in the Chair. 

The following Communications were made to the Society. 

(1) On a suggested case of Mimicry in the Molliisca. By 
A. H. Cooke, M.A., King's College. 

The species concerned were Stromlms mauritiarms L., and 
S. Ivhva/nus L., the shells of which differed from those of all other 
Strondms in their close resemblance to the shell of GonuSy a genus 
with which they are known to live : Stromlms being a frugivorous 
animal with small and weak teeth, and Conies on the other hand 
being carnivorous, with very large and barbed teeth, provided with 
a poison bag and duct. It was suggested that this resemblance 
must tend greatly to the advantage of the Strombits, since the 
dangerous properties of Comis would tend to prevent its being 
touched by predatory fishes. 
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(2) On the etfidenoe cu to the extent of Earth motfements and 
tie bearing upon the question of the cause of glacial conditions. 
By the President. 

[Publication deferred till next number.] 

(3) On the Fertilisation of some Species of Medicago Z. in 
England. By I. H. BUBKILL, B.A., Qonville and Caius Collie. 

Historical. The explosive mechanism found in the flower of 
Medicago has long been known. A. P. de Candolle* considered 
it an outcome of the maturity of the flower whereby the stigma 
was spontaneously pollinated. Hildebrand ' was the first to show 
how it had for an object the fertilisation of the flower by insects. 
In the succeeding year Delpino* and Q. Henslow * both published 
papers on the subject. Delpino advanced our knowledge by 
locating the explosive rforce, and Henslow noted that the Hive 
bee (Apis meUifica L.) does not explode the flower ; at the same 
time he communicated an observation made by Charles Darwin 
on the fertility of M. lupulina in the absence of insect-visitors. 
Urban and Hermann Mliller have also studied this genus. Urban* 
attributes the work of fertilisation to bees, and at variance with 
Hildebrand states that the flower of M. sativa is not fertile if 
allowed to remain unexploded. And in the year in which the 
last was published appeared Mtiller's description of the flower ; to 
him we owe lists of visitors to three species.* 

The species here concerned all belong to Seringe's' section 
Lupularia, or to Urban's® two sections Lupularia and Falcago. 
Urban following Doll* has united, not without some justification, 
under the name of M, sativa three species — M. sativa L., Jf. fal- 

^ Physiologie, n. p. 548. Paris, 1832. 'Gertaines corolles contribnent mdme 
d'one maniSre indirecte k la f^ndation :...lor8qae lenr d^veloppement s'ach^ye, oea 
crochets (referring to the processes of the alae in Indigofera and Medicsigo) se 
d^tachent, la car^ne, n'Stant plus fix^, se d^jette avec ^lasticit^, et imprime anx 
faisoeaux des ^tamines one secoasse qui determine la ohnte da poUen.' 

^ Ueber d. Yorrichtnngen an einigen Blnthen znr Befruchtong durch Insekten- 
holfe. Bot. Zeitung, xxiv. p. 71, 1866. 

' Sugli Apparecdii della Fecondazione nelle Piante antocarpee (Fanerogame). 
Firenze 1867. Reviewed by Hildebrand. Bot. Zeitung, xxv. p. 283, 1867. 

* Notes on the structure of Medicago sativa as apparently affording facilities for 
the intercrossing of distinct species. Jonm. Linn. Soc. (Bot.) ix. p. 327, 1867, and 
Notes on the stractore of Indigofera... with additional notice of Dr Hildebrand's 
paper. Jonm. Linn. Soc. (Boi), ix. p. 355, 1867. 

B Prodromns einer Monographic d. Gattung Medicago L. Yerhandl. d. Bot. 
Vereins d. Provinz Brandenburg, xv. p. 1, 1873. 

* (1) Die Befmchtung d. Blumen durch Insekten, Leipzig 1873, p. 225. (2) 
Weitere Beobaditungen ii. Befruchtung d. Blumen duroh Insekten. YerhandL d. 
Naturhist. Vereins d. preuss. Bheinlands u. Westfalens, xxxvi. p. 252, 1879. (3) 
Alpenblumen, Leipzig, 1881, p. 248. (4) The Fertilisation of Flowers translated by 
D'Arcy Thompson, London, 1883, p. 175 (no additions here to the German of 1873). 

7 De Candolle's Prodromus, ii. p. 172, 1825. 

8 Loc, cit. 

9 Bheinische Flora. Frankfurt, 1843, p. 802. 
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cata L. and M. silvestria Fries ; bat here I use M. mtiva to signify 
the segregate and not the aggregate species. 

M. aativa L. 

Mechanism. The flower is t3^ically Papilionaceous, always 
(and in this respect very different from M. Tnaculata Sibtb.) 
with the vexillum standing above and the carina below. The 
carina and alae are firmly united together by the usual combining 
processes at 5 mm. from th^base of the flower. The total length 
of the alae averages about 9 mm., and of this 4 mm. belongs to the 
claw. Further each ala possesses a basal-process 2 mm. long; 
and these basal processes of the two alae project towards the base 
of the flower, lying almost parallel above the stamens. 

The stamens are diadelphous and on either side of the upper 
free stamen at the base of the flower lies a passage — 1 mm. long — 
giving access to the honey secreted inside the staminal tube. 
Beyond these passages the edges of the free stamen do not merely 
touch those of the other fused nine, but fit into grooves along 
their margin. This is plainly seen in a transverse section of the 
sexual organs. The explosive action of the flower depends on 
the uppermost stamens of the fused nine, as Delpino first and 
Mliller afterwards shewed ; these by having the cells of their 
filaments intensely turgid tend to make the whole staminal tube 
assume a curved form, whereby stigma and anthers are forced 
against the vexillum. This explosive force is resisted by the 
paired combining processes of the alae and carina, and 
according to my observation not by the basal processes of the 
alae: for working carefrilly I have at various times and under 
various atmospheric conditions found it quite possible not only 
to remove both these basal processes, but further to cut the claws 
of both alae ; and in consequence of this no other resistance 
remained to prevent the flying up of the staminal tube, except 
that of the combining processes. Further these combining pro- 
cesses are fixed exactly where required : — the sexual organs extend 
to a length of 8 mm. ; after explosion there is no curvature, 
observed in the basal 2 mm.^ or in the terminal 3 mm., but 
the bending is greatest at a point about 4 mm. from the base — 
or just short of where the combining processes press on the 
stamens. I see in the basal processes nothing but two 
triggers by which the flower is, as it were, fired-oflF. 

The surface of the alae on both sides is covered with papillae 
afibjrding a good foot-hold to any insect visitor. The carina is 
perfectly smooth, but on the inner surface of the vexillum along 

^ Therefore the nectar-passagea cannot be of any nse in allowing, as Henslow 
snggests, a free curvature of the staminal tube. Note on the structure of Medicago 
Bativa. Jouro. Linn. Soc. (Bot.) ix. p. 329, 1867. 
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the margin is a band of i>apillate epidermis, broadest at the apex 
and narrowing downwards ; this too may afford a foot-hold to any 
long-legged insect The centre and base of the vexillum are 
perfectly smooth. 

Pollen is shed in the bud, and lies round the stamens and 
stigma in a little lens-shaped space made by the carina. 

The stigma is at this time, as Henslow says of M. denticulata, 
mature ^ ; but I have covered a considerable number of flowers 
with nets to prevent insect-visits add get results agreeing with 
those of Urban', i.e. no seeds are set in the unexploded flower 
in spite of the pollen in contact with the stigma. This is explained 
by the fact that the stigma does not become receptive 
until rubbed or until its cells are injured in some manner. 
My proof is I think conclusive. Firstly, the stigma appears not 
to be moist, but when rubbed on glass leaves a sticky mark. 
Secondly, I have caused flowers to set seed though unexploded, 
(1) by pinching the stigma through the keel, (2) by perforating 
the keel with a needle and scratching the stigma, and (3) by 
cutting ofi' the tip of the keel and rubbing the stigma with a 
stiff paint-brush. An insect visitor exploding the flower will 
injure the stigmatic papillae and bring about fertilisation '. There 
appears to be a prepotency in foreign pollen, to judge from Urban s 
observations^ on the hybridisation of M, sativa and falcaba. 
Patches of these two plants were grown by him close together; 
and amongst the seedlings derived from them only two from 
M. sativa and none from M. falcaJta proved true ; the rest being 
the hybrid form M, media. 

Insect visitors, observed in and near Cambridge. 
Hymenoptera aculeata : — 

1. Apis msUifica L. $ very 2. BomJms pratorum L. 

abundant. 3. B, lapidarius L. 

4. B. hortorum L. not un- 5. B. mtiscorum L. 

common. 6. Megachile centuncuiaris L. f 

7. Vespa vulgaris L. § . 8. Andraena convexitisctda 

9. A extricata Smith ^Z*. Kirby ? . 

^ Henslow. Self-fertilisation of plants. Popular Science Beview, New Series, 
in. p. 13, 1879. 

• hoc. cit, 

' Seringe*s variety tumida of M. falcata^ which appears from the description 
as if it might be cleistogamio, is a gaM — the work of a Cecidomyia, whose larvs 
mature inside the hypertrophied bud. The gaU is common on M, sativa at Gam- 
bridge. De CandoUe's Prodromus, ii. p. 173. 

^ Verhandlungen d. Bot. Vereins d. Provinz Brandenburg, xix. p. 125, 1877. I 
endeavoured by timing the rate of withering of cross and self-fertilised flowers, to 
obtain some evidence on the question of prepotency, but failed to find anything 
satisfactory. Only the younger flowers withered more rapidly than the older ones. 
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Lepidoptera : — Bbopalocera : — 

10. Pieris brassicae L. abundant. 11. P. rapae L. 

12. P. napi L. 13. Vanessa urticae L. 

14. Polyommatus phloeas L. 15. Lyccena icarus L. 

Heterocera : — 

16. Triphaena pronvha L. 17. Plusia gamma L. 

18. Strenia cUdhraia L. 

Coleoptera: — 19. Meligethes viridescens F, 
Diptera : — Syrphidae : — 

20. Platychirus manicatus Mg. 21. P. aUnmanus F. 

22. P. scutatus Mg. 23. Syrphus balteatus Deg. 

24. 5. corollae F. 25. S. ribesii L. 

26. Sphaerophorea scripta L. 27. Erystalis pertinax Scop. 

28. Myiatropa Aorea L. 29. Syritta pipiens L. 

Muscinae : — 30. Lucelia sericata Mg. 
Anthomyidae : — 31. Caricea tigrma F. 

^c^ q/* Fertilisation, Of these insects all seek honey, but the 
flies seem rarely to obtain it and cannot obtain pollen while 
the flower is unexploded. As Miiller .and Henslow have already 
observed, the Hive bee does not explode the flower, but inserts its 
proboscis obliquely over the basal processes and not between them. 
It is necessary to produce explosion for an insect to insert its 
proboscis between these basal processes; — any outward movement 
imparted to them is imparted to the combining processes, and the 
flower explodes. Mtiller attributed the work of fertilisation to 
butterflies, but never saw the act. Urban disqualifies these insects 
on account of the flexibility of their probosces ; and my observa- 
tions lead to the same view. I have watched several hundred 
separate butterfly visits, often at very close distances, and have 
never seen these insects cause any explosion. Bowbus generally 
sucks like Apis^ sometimes visiting the flower first on one side, 
and then on the other, like a Dicentra flower. But* on one very 
hot afternoon I observed B. hortorum in the act of ex- 

floding the flowers in great numbers, and on two occasions 
have seen Apis deliberately exploding the flowers. I have 
not seen the calyx bitten through by Bombus, but such has 
been recorded \ 

When the flower is exploded the stamens free themselves with 
a jerk which scatters the pollen', some of which will adhere 
to the insect and some may fall into neighbouring flowers. If the 
stigma strikes the insect's body but obtains no pollen, there still 

^ Schalz, A. Beitrage zar Eenntniss d. Bestaubnngseinriohtnngen a. Ge* 
sohleohtsYertheilnng bei den Pflanzen. Gassel, Heft ii. p. 208, 1890. 
^ Gf. De GandoUe, Physiologie, loc. cit. 

VOL. VIII. PT. m. 11 
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remains suffident in the surrounding anthers to ensure self-fer- 
tilisation* 

Further, if the stigma fails to strike against the insect-visitor, 
the impact on the vexillum is sufficient in many cases to render 
the flower fertile. For if the flower be exploded by simply pulling 
the alae apart it may set seed. The stigma strikes against the 
smooth and not the rough part of the vexillum. In order to 
make certain that this was due to the vexillum and not to the 
edges of the keel, I removed in above fifty flowers the lamina of 
the vexillum and then exploded them ; out of these none set seed, 
while out of 34 in which the vexillum remained, exploded at the 
same time as a control experiment, 12 set seed. Therefore should 
the insect visitor fail to bring about fertilisation, impact 
on the vexillum in some extent (here 35®/o) ensures it. 

That the separation of the basal processes is the legitimate 
and almost only natural method of exploding the flower is obvious 
from the following consideration. By means of a fine wire hung 
on to the alae, weights to a known extent were suspended from 
them. In September 1892 flowers obtained near Poulton (Glou- 
cestershire) were found to explode with an average weight of 1*68 
grammes (maximum and minimum 2*37 and '93). Now an insect 
visiting the flower rests its weight on the points whence these 
weights were hung. The worker of Apis I find to weigh about 
•096 and Bombus hortorum (large specimens) '199 grammes. The 
mere weight of these two insects is therefore quite insufficient to 
explode the flower. Moreover the pedicel of the flower bends 
under a weight insufficient to explode the flower, so that in these 
experiments I found it necessary always to fix the flower by a 
wire hooked into the standard ; and again the Hive bee so settles 
as to hold the parts of the flower together with its feet. 

By the same method of experiment I discovered that the 
flower is not always in the same degree of explosiveness; 
the hotter the weather the more explosive is the flower. 
In cold weather the flower frequently remains unexploded for 
eight or nine days, after which it withers, but in hot sunny 
weather I found three days to be the maximum duration; for explo- 
sion is brought about, — often within 24 hours from the opening of 
the bud. We must remember in this connection that M. sativa is 
of Persian origin and has only traversed Europe northwards by 
slow degrees*. 

Shaking by the wind cannot explode the flowers. Pieces of 
paper with a surface of 18^ and 22 square inches were tied to stalks 
of this plant, in order to give more power to the wind, but no 
effect was observable from the shaking it produced. 

1 Alph. De Gandolle. Origin of Cultivated Plants. London, 1884, p. 103. 
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The flowers of M. sativa exhibit no sleep movements; and 
Plusia gammay which I have observed visiting the flowers at 9 p.m., 
may be taken as evidence of night visitors. My hours of observa- 
tion were between 6 a.m. and 9.15 p.m. 

M, falcaia L. 

I find in this flower nothing but a yellow image of Jf. sativa, 
with a distinct scent and in which, as MuUer points out, the flowers 
become more explosive. This greater explosiveness is determined 
by warmth as in M. sativa, but is carried to such an extent that 
the settling of an insect must explode it, for the combining processes 
allow the stamens half to escape. The basal-processes then no 
longer touch each other, and some Syrphidae or even Anthomyidae 
may reach the honey at the risk of an explosion. Heating a 
flower brings on this very explosive stage. In the very explosive 
state a shower of rain (as may easily be demonstrated with a 
watering-can) causes explosion. 

Before the flower passes into this state it is impossible for any 
common British insect (except perhaps some moths) to explode the 
flower by merely resting on the alae. 

From plants grown in the Cambridge Botanic Gardens I 
obtained the following figures, using wire weights as given above. 
Average weight required to explode the flower 148 grammes, 
maximum and minimum 2*46 and '60 grammes. 

The duration of the flower is slightly less than that of M, 
sativa. 

Insect-visitors. My list of visitors is small, the plants not 
flowering well. 

Hymenoptera aculeata: — 1. Apis mellifica L §. 2. Bom- 
bus hortorum L. 3. Formica rufa L. Terebrantia : — 4. Cryp- 
ttts analis Gr. ? 

Diptera: — Syrphidae: — 5. Syrphus balteatus T>eg, 6. 8. 
luniger Mg. 7. Syritta pipiens L. 

M. prostrata Jacq. 

This flower is like the last in mechanism, but is smaller and 
explodes when weights are hung on the alae more readily. Average 
'53, extremes '81 and *33 grammes. 

M. sUvestris Fries. 

The flowers are green, and their colour acts on a photographic 

Elate only in the same degree as the leaves of the plant. Urban* 
as placed this plant under M. falcata, but, if the method of ferti- 

^ Prodromns, loc. cit. p. 56. 

11—2 
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lisation is any criterion, it is nearer to M. scUdva ; for it never 
enters the * very-explosive state ' of M. falcata. The Hive-bee 
was an extremely abundant visitor, almost enjoying a monopoly. 
The flowers are scented and nearly the whole of an inflorescence is 
in blossom at the same time. But, in spite of the abundant 
visitors, 99*/o of the flowers, after remaining open for 8 or 9 days, 
withered unfertilized. The bees sucked the flowers from one side 
as in M, saiiva. Anxious to make out what particular attraction 
this plant offered to the bees (these being ten times as abundant 
on it as on a similar neighbouring plant of M, sativa), I visited the 
Botanic Gardens on several occasions at 6 a.m. and observed the 
flrst bees return to work after the night Many plants compete 
for the bees' attention on the ' Leguminosae ' bed, but, except on a 
single occasion when one bee repeatedly tried to force open some 
closed Melilotus flowers, M. sUvestris not only received the first, 
but also the greatest number of visits. Experiments were then 
made to see if the buzzing of one bee will attract others to the 
plant on which it is buzzing. Bees were imprisoned in flowerless 
plants in the neighbourhood of the patch of M. silvestris, where 
they were allowed to buzz freely. The results were partly afl&rma- 
live. Evidently the bees had learnt by experience that this 
medick offers abundant honej. 

The list of insect visitors bears out the fact that it is the 
flowers which the inconstant butterflies fertilise, that need the 
brilliant colours : M, silvestris certainly was not freely visited by 
Lepidoptera. 

Insect-visitors in the Cambridge Botanic Gardens, none of 
which were seen exploding the flower. 

Hymenoptera aculeata: — 1. Apis mellifica L § very 
abundant; 2. Bombus hortorum L. 3. B. lucorum L. 

4. Odynerus parietwm L ? . 

Lepidoptera : — Bhopalocera : — 5. Pieris brdssicae L. 

Diptera: — Syrphidae: — 6. Platychirus manicatus Mg. 
7. Syrphus balteatiLS Deg. 8. S, hmiger Mg. 9. S. corollae F. 
10. 8. ribesii L. 11. Sphaerophorea scripta L. 12. ErystcUis 
pertinax Scop. 13. Syritta pipiens L. Sarcophagioae : — 

14. Sa/rcophaga camaria L. Muscinae : — 15. Lucelia sericata Mg. 
Anthomyidae : — 16. Caricea tigrina F. 

M, lupvlinob L. 

Mechanism. The explosive arrangements in this little flower 
are just as in M, sativa^ but the tension is much less, the stigma 
being only just brought up to the vexillum in explosion. The 
flowers are small and massed together. The rough areas on the 
petals are similar in position and shape to those on M. sativa. 
As a rule the flower closes about 5 p.m. ; but, while investigating 
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the fertilisation of this plant, I noticed that, at Scarborough, there 
were certain plants growing with the others, of more erect habit, 
which did not close their flowers at night, or only partially so. 
This variation I have under study. 

The stigma when young requires rubbing to render it 
fertile, but as it gets older it becomes receptive. Hence 
plants covered with a net set seed, as Darwin* pointed out. Re- 
peating the experiment I get the same result : while in the open 
95^0 of the flowers set seed: under a net about 75Yo did so, the 
seed of which germinated well. 

Insect visitors at Scarborough (Sc) between June 22nd and 
July 3rd, 1893, and at Cambridge (Camb.) through July and 
August. 

Hymenoptera aculeata: — 1. Apis mellifica L$ (Sc. and 
Camb.) seldom. 2. Bombus hxyrtorum L. (Sc). 3. Andraeiia 
parvida Kirby. ? (Sc). 4. Halictus morio F. ^ ? (Camb.) not 
unfrequent. 5. H. minuUssimus Kirby ^ (Camb.). Tere- 

brantia. 6 — 11. Six species undetermined (Sc.) 

Lepidoptera: — Heterocera : — 12. MianafasdunculaHeLW. 
(Sc). Tortrices: — 13. ToHrTiz? sp.? (Camb.). 14. Tortrix 8^.1 
(Sc). Crambi : — 15. Crambus pratellus L. (Sc). Pyralides : — 
16. Porrectaria sp. ? (Camb). 

Coleoptera: — 17. Anthobium torqtuitum Marsh (Sc). 18. 
Meligethes aeneus F. (Sc). 19. Cev/thorhynchidius jloralis 

Payk. (Sc). 

Dipt era: — Bibionidae : — 20 Scatopse brevicomis Mg. (Sc and 
Camb). Cheironomidae : — 21. Cheironomus sp. (Sc). Tabani- 
dae : — 22. Symphoromyia crassicoimis Pz. (Sc). Empidae : — 
23. Empis punctata M.g, (Sc). Syrphidae: — 24. Paragtis tibialis 
Fin. (Camb.). 25. PimzeUa virens F. (Camb.). 26. Platy- 
chirus manicaius Mg. (Sc). 27. P. albirnanus F. (Sc). 28. 
P. scutatus Mg. (Camb.). 29. Syrphus balteatiLS Deg. (Camb.). 
30. 8, corollas F. (Sc and Camb.). 31. Syritta pipiens L. 
(Camb.). Tachinidae : — 32. Myobia inanis Fin. (Camb.). 33. 
Siphona geniculata Deg. (Camb.). 34. 8, cristata F. (Camb.). 
Sarcophagidae : — 35. 8arcophaga sp. (Camb.) very abundant. 
Anthomyidae : — 36. Hydrotea irritans Fin. (Sc.) 37. Pogono- 
myia aipicola Bud. ? (Sc). 38. Hylemyia pullula Ztt. (Sc. and 
Camb.). 39. Anthomyia sp. (Camb.). 40. Chortophila 

cinerella Fin. (Camb.). 41. C. sepitorum Meade. (Camb.). 

42. Chortophila sp. (Sc), 43. Homolomyia armata M.g.1 (Sc). 
44. Caricea tigrina F. (Sc. and Camb.). Scatophagidae : — 45. 

8caJtophaga stercoraria L. (Sc). Sepsidae : — 46. Sepsis cynipsea 
L. (Camb.). 47. Hydrellia griseola Fin. (Camb.). Chloro- 
pidae: — 48,49,50. (7AZorops 3 sp. (Camb.). 51. Omnia sp.? 

^ Henslow. On the Structure of Medicago. J. Linn. Soc. (Bot.) iz. p. 328, 1867. , 
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(Sc. and Camb.) very abundant Muscinae: — 52 and 53, 2 species 
not identified (Sa). 

Hemiptera: — 54. Siphonophora artemieiae Koch (Camb.). 
56. Aphis sp (Sc.). 

Neuroptera: — 56. Thrips sp. (Sc). 

Besides these insects Heterocordylus sp. juv. (Hemiptera) and 
HomaUmotus aeneicollis Sharp (Ooleoptera) were frequently observed 
running about the spikes of flowers, and may occasionally explode 
the flowers with their legs. 

Fertilisation, This is my list of visitors to a plant which Hens- 
low quotes as being a widely distributed self-fertilising flower\ 

By finding the average rate of withering of a flower after 
explosion and consequent fertilisation, I was able in June 1893 at 
Scarborough to make the following calculation : — At times when 
the flowers required 2 to 5 five hours to wither after explosion 
(fine warm weather), the following percentages of open flowers 
were found to be exploded: 29Vo, 24%, 4>/o, 8%, IS'/o — the average 
being ISYc Taking the average rate of withering to be 4 hours, 
then 4'57o of the flowers in blossom, were exploded every hour, 
and in such weather the average duration of 22 hours (nearly 2 
days of 12 hours) should be sufficient to permit of the explosion 
of every flower. Such about is their duration, but they ensure 
themselves against accidents by becoming self-fertilised. 

Now comes the question — what insects do the work of fertili- 
sation ? Miiller^ in Germany and Knuth' on the Friesian islauds 
attribute this work to the Hive-bee : it is not so in England as far 
as my observations extend. 

At Scarborough Platychirus manicatus, and at Cam- 
bridge Halictus morio and Scatophaga, were the most 
efficacious visitors. The flowers were watched at all hours 
of the day from 4 a.m. to 10 p.m. 

Of these insects which I have seen on the flower nearly all are 
capable of causing explosion. I have seen Scatopse brevicomis 
both at Scarborough and Cambridge, and a Gryptvs at Scarborough, 
entrapped by the explosion of stamens of the flower, shewing 
that these — almost the least insects in this list — were just strong 
enough to effect it. 

In order to see if those flowers which remained open all night 
received visitors, spikes were marked and flowers on them found 
exploded in the early morning; and further, in the twilight (9.30 
and 9.35 p.m.) I have twice seen a beetle settle on the heads and 
apparently seek for honey. 

^ On the Self-fertilisation of Plants. Trans. Linn. Soc. Series u. Vol. i. (Bot.) 
p. 392. 

> Fertilisation of Flowers, p. 180. 

* Blomen a. Insekten anf den Nordfriesisohen Inseln, Kiel, 1894. 



1894.] 



Species of Medicago L. in England. 



151 



Winds, except by knocking spike against spike, are not likely 
to explode the flower, as only very violent shaking effects it. 

Conclusion. Comparing the number of species in these lists 
with those given by MuUer, we get the following table : — 



Hymeii<q[>tera 



M. sativa 
Germany 
England 
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Germany 
England 
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Other To*;l 



27 
31 



23 

7 

12 
56 



From this it appears not unlikely, as might be expected, that 
flies take in England the place which other more special- 
ised insects occupy in Germany*. 

The second table indicates the number of individuals ob- 
served to visit the flowers. The Hive-bees were too numerous 
and too assiduous to permit of accurate counting for M, sdtiva and 
M. sylvestris; they were therefore estimated in these two cases. 
It is impossible to state the number of individual flowers 
visited. 

The last two lines show that, except for Halictus, there is but 
little difference between Cambridge and Scarborough in the rela- 
tive proportions of the insect visitors to M, lupulina. 

Finally, the mechanism of the flower of Medicago seems nearer 
to that of Trifolium than of Melilotus ; for the basal processes do 
not press on the staminal tube. The combining processes possess 
a new function — a necessary consequence of the new explosive 
property of stamens, which we do not find in other genera of 
Trifolieae. With regard to the stigma, it is such an easy transition 
from the normal glandular form to one in which the secretion is 
hindered and receptivity only brought about by injury, that we 



1 This contains all the 'allotropous* or short- tongued flies. Gf. E. Loew, 
Beitriige zor bliithenbiologischen Statistik. Verhandl. d. Bot. Yereins d. Provinz 
Brandenburg, zxxi. 1889, p. 1. 

a Farther observations made with Mr J. G. Willis near Plinlimmon and by mjself at 
Soarboroogh support this ; as also do Scott Elliot's observations in Sonth Scotland, 
Flora of Domfrieshire, Parts I. and 11., Trans, and Journal of Proceedings of Dum* 
fidesshire and Galloway Nat. Hist, and Antiquarian Soc. 1891-^92. 
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might expect such to arise in any fiimily of the Leguminosae. The 

^^ • A « « 







o> CO 

H* H* o« Apis \ 
oi » CO fed 1^ -4 "^ 


S 


H* 1 H* o» o> S Bombai 




H* • CO 1 00 00 Hymenoptefa 


O 

! 


« M ^ 1 1^ 1 Tenbranlia ^ 




1 1 1 «| 3 Rhopidooeni ^ 


s: 


M 1 !-• 1 1 00 Heteroeerm 

ei M -4 1 1 I-' <?nuiil)i Pyfalides 


1 


SSS!^(z>S8yn>u<iMi 


>| 


^ fi «o Hi Other Dipten 


(I 


ei 1 CR 1 1 •-' Coleopten 
1^ M en 1 1 1 Hemipten 




» M 09 1 »- 1 Orthoptera 




SMSSo9MTotalnaof 
« » 00 5 »: o IndividiuU 





3 g (3 a 
i "^ 3 a 

3 B 5 5 
OQ <R 9Q da 

00 M 1^ to to 09 
g M »-■ lO M »-■ 

OD Ofi OB 

stigmas of Cyclopia" in the Podalyrieae, Vicia* and Lathyrus* in 

^ Gonopidae and Bombylidae do not occur in my lists. 

' Scott Ellioti On the Fertilisation of South African and Madagasoan Flower- 
ing Plants. Annals of Bot. ▼. p. 341, 1891. 

> Miiller, Fertilisation of Flowers, p. 203. Weitere Beobaohtnngen, p. 259. 

^ Muller, Fertilisation of Flowers, p. 209. Enath, Vergleiohende Beobaohton- 
gen u. d. Insekten-besuoh an Pflanzen d. Sylter Haide a. d. Schleswigschen Fest- 
landshaide. Bot. Jaarboek, iv. p. 26, 1892. 
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the Vicieae — Lotus* and Anthyllis' in the Loteae, Tephrosia', 
Oxytropis* and Astragalus^ in the Galee^eae — for all of which such 
a mechanism has been suggested — and of Medicago in the Trifo- 
lieae may equally be outcomes of a parallel modification ; but on 
the other hand it is very probable that many similar stigmas exist 
among the plants of this extensive order. 

To Dr D. Sharp, Mr G. H. Verrall and Mr J. C. Willis I owe 
very many thanks for invaluable help in naming insects or in mak- 
ing kind suggestions, and to Mr ,K I. Lynch for many services. 

(4) Contributions to the Oeology of the Oosau Beds of the 
Atbstrian Scdzkammergvi,, By H. Kynaston, B.A., King s College, 
Cambridge. 

{Abstract,) 

This paper, after treating of the previous literature of the 
subject, gives an account of the situation and physical aspects 
of the Oosau Valley. The valley is situated in the central portion 
of the Salzkammergut, in Upper Austria, and forms a more or 
less trough-like depression to the West of Hallstatt Lake. The 
Gosau beds, while they may be said to be typically developed 
in the Gosau Valley, have on the whole a fairly extensive dis- 
tribution in the Eastern Alps, and chiefly on the Northern flanks 
of the chain. They nearly always occur in basin-shaped or 
trough-shaped ai*eas in the Alpine limestone, of which the Gosau 
Thai may be taken as a fair type, or in small, narrow, loftily 
situated valleys, like that of Zlam, near Aussee in Steiermark. 
Except at Obersiegersdorf, S.E. of the Chiem See in Bavaria, 
they always occur flanking the Northern Zone of Alpine lime- 
stone, and they never encroach on the central axial portion of 
the chain. Everywhere they occur in the form of isolated out- 
liers, resting unconformably on the older Alpine Trias, and they 
are never associated with either younger or older cretaceous beds, 
except at Buhpolting, W. of Salzburg, where they are exposed 
in a section resting on beds of the age of the Gault. The beds 
of Gosau Thai are not confined to that valley ; but, constituting 
as they do the whole of the hills on its Western side from the 
Zwiesel Alp on the South to the Southern slopes of the Bussberg 
on the North, they are continued into the adjoining valley of 
Russbachthal as far as a mile or so S.W. of Bussbc^hsag, and 

^ Delpino, loe. eit, p. 25. Mnller, Fertilisation of Flowers, p. 170. 

s Miiller, Fertilisation of Flowers, p. 173. 

' Bobertson, ** Flowers and Insects," No. iv. Bot. Gazette, xv. p. 84, 1890. 

^ Mtiller, Alpenblnmen, p. 233. E. Loew, Ueber d. BestSnbangseinrichtungen 
a. d. anatomisohen Ban d. Bliithe von Oxytropis pilosa D. C. Flora lxxiv. p. 86, 
1891. 

' Heinsins. Eenige waamemingen en esohouwingen over de bestuiving van 
bloemen der Nederlandsohe flora door insecten. Bot. Jaarboek, rv. p. 54, 1892. 



154 



Mr Kynastan, Contributions to the Geology of [Feb. 12, 



Upper 
Goeau Bed& 



they also extend up the tributary valley of the BaDdaubach as 
&r as Neu Alp, between the Qamsfeld and the Hohe Flatten. 
The beds themselves consist of conglomerates, thin limestones, 
bluish and greyish marls, bluish sandstones and flaggy beds, and 
red and grey sandy marls. The average dip of the series is 
South, and varies from almost horizontal up to an angle of about 
60°. The beds of Russbachthal are more disturbed than those 
of Qosau Thai. The total thickness of the group probably does 
not fall far short of 3000 feet. The following classification was 
found to be the most convenient : — 

n. Ore If, redf (Mnd varxegaied sandy ma/ris, here and 
there, especially towards the upper part^ alter- 
nating with sandstones, grits, and conglomerates. 
Well seen on the sides of the Horn, Hennarkogl, 
and Zwiesel Alp. 

Grey sandstones and fiags, with some sandy shales, 
with obscure plant remains, worm-tracks, and 
ripple-marks. Well seen on sides of Ressenberg, 
and below Bibereck Alp. 

/3. Bluish-grey marls, with some limestones ; very fossili- 
ferous. Hippurites organisans. Beef-building 
Corals, Gasteropods, Ijamellibrauchs, (fee. 

4. Bstuarine beds of Neu Alp. 

a. Limestone with Nerinsea — ^Traunwand, Neu Alp. 

b. „ „ ActaBonella — Traunwand. 

c. „ „ Hippurites cornuvacciuum — 

Traunwand, &c. 

d. Coarse conglomerate, forming basement bed, some- 
times alternating with grits, sandstones, and 
marls. 



Lower 
Gosau Beds. 






5. J 



The Gosau beds of this district bear a marked correspondence, 
both in lithological and palaeontological characteristics, with beds 
of the same age in other localities in the Eastern Alps, such as 
Neue Welt near Wiener Neustadt, Hieflau, Gamsthal, Zlam, &c. 

The Lower Gosau beds contain a remarkably rich and varied 
fauna; the upper beds, however, in the Gosau Valley are mo- 
notonous and barren, the only organic remains present being 
represented by obscure worm-tracks and ve^table remains. The 
fossils of the lower beds have been described by Reuss, Zittel, 
Zekeli, Stoliczka, and Von Hauer. 

Most of the fossils occur in the fossiliferous marl series, while 
a good many are found in the Estuarine OToup and the limestone 
beds below it. Hippurites are extremely abundant, and build 
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up great banks or reefs of hard limestone. Hipp, comuvaccinum 
is the commonest and most characteristic species. Beef-building 
Corals are extremely plentiful, especially at Nefgraben. It is 
rather curious to notice the almost entire absence of Echinoderms, 
which are such a characteristic feature of the Upper Cretaceous 
rocks of North-western Europe ; also the great scarcity of Cepha- 
lopods and Brachiopods, while Lamellibrancfas and Gasteropods 
are extremely abundant. 

As regards the exact geological horizon of these beds, no very 
precise conclusions can be drawn on purely stratigraphical, much 
less on lithological, grounds. But for information on this point 
we must turn to the study of the included organic remains. 

We evidently have in the Qosau district two distinct Hippu- 
rite limestones, a lower one characterised essentially by Hippu- 
rites comuvaccinum, and an upper characterised by Hipp, 
organisans. 

Now Toucas (see " Synchronisme des £tages Turonien, Seno- 
nien, et Danien, dans le nord et dans le midi de TEurope," BuU. 
Soc, Oiol, Franf,, Ser. 3, vol. x., pp. 200 — 202) clearly recognises 
two distinct Hippurite zones in the South of France, the lower- 
most of which, viz. the zone of Hipp, comuvaccinum, he places 
at the top of the Turonian system, while the uppermost, which 
contains Hipp, organisans, he places at the top of the Senonian. 
Comparing the Upper Cretaceous fossils of the South of France 
with those of the Gosau beds, by far the larger proportion of 
the Gosau forms are found to be Senonian, while some Turonian 
forms also occur. Toucas concludes that the Gosau beds repre- 
sent the whole of the Senonian of the South of France: but, 
since it is evident that we have in the Gosau district the zone 
of Hipp, comuvaccinum, which, according to Toucas, is Turonian, 
the author of the present paper feels quite justified in saying 
that these Gosau beds are represented in the South of France 
by Upper Cretaceous rocks from the zone of Hipp, comuvaccinum 
to the zone of Belemnitella inclusive. Comparing these zones 
with those of the Paris basin, and these again with the English 
Upper Cretaceous zones, the author concludes that the Gosau 
beds represent, on the whole, the zones of Holaster planus, 
Micrasters, Marsupites, and Belemnitella mucronata, i.e. from 
the horizon of the Chalk Rock to the top of the Chalk with 
flints inclusive ; and this conclusion is further confirmed on pa- 
laBontolo^cal grounds. 

Possioly the upper unfossiliferous portion of the Gosau series 
may represent part of the so-called Danian system of North- 
western Europe. 

The Gosau beds are on the whole of fairly shallow water 
origin, with beds indicating Estuarine conditions near their base. 
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and were deposited in narrow bays in the Upper Cretaceous 
sea of Southern and Central Europe on the Northern flanks of 
the Eastern Alps. 

Probably towards the close of Upper Cretaceous times the 
Southern area of the Gosau district was cut off from free com- 
munication with the sea, so as to constitute a lake-basin, in which 
the upper unfossiliferous marls were deposited. 

From the stratigraphical position of the beds, and the oc- 
currence of a calcareous conglomerate at their base, it is evident 
that the older secondary rocks of the Eiastem Alps on which they 
rest had undergone elevation and denudation with a considerable 
amount of earth-movement, accompanied by contortion and plica- 
tion, previous to the period of depression when the Gosau beds 
were deposited. During the deposition of the latter, the Eastern 
Alps probably existed as fairly high land along the central portion 
of the chain, with a very irregular coast -line along its Northern 
flanks. At the close of Cretaiceous times there was considerable 
elevation, which was followed by depression in the Eocene period 
at the time of the deposition of the Nummulitic Bocks and the 
Flysch. Then followed the period of the great Alpine uplift, 
a movement intense in the Western portion and gradually dying 
out towards the East in the direction of the Vienna Basin ; and 
it is to this period that the present magnitude of the mountains is 
chiefly due, and the present isolated and elevated position of the 
several small areas occupied by the Gosau Beds. 

February 26, 1894. 

Professor Hughes, President, in the Chair. 

Philip Lake, M.A., St John's College, was elected a Fellow 
of the Society, and W. H. Bivers, M.D. (Lond.), St John's College, 
was elected an Associate. 

The following Communications were made to the Society : 

(1) On Current Sheets, especially on Ellipsoids and Anchor- 
Rings, By B. H. D. Mayall, BA., Sidney Sussex College, 
Cambridge. 

In the following paper I propose to consider the electric 
currents induced in thin sheets of a conducting substance by 
the variation of a magnetic field in which they are placed. For 
those particular cases when the conducting sheet takes the form 
of an infinite plane, a sphere, an ellipsoid, or a cylinder whose 
cross-section is of the second degree, the results have been 
worked out by several different investigators with slightly 
different methods and are to be found in various scientific 
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journals. My object is to shew that the currents in the sheet 
and the state of the magnetic field surrounding it may be com- 
pletely determined in all the above-mentioned cases by the solution 
of a general equation connecting the current function with the 
potential due to the current sheet and the external magnetic 
field, which equation holds for the most general case and is 
theoretically capable of solution as soon as the attendant cir- 
cumstances are known. 

In order to solve this equation we assume the external field 
of magnetic force to be given by the product of c*^ and a function 
of the co-ordinates used. This is sufficiently general since any 
function of the time t can be expanded in powers of e^*. We 
then assume the magnetic potential due to the system of in- 
duced currents to be of a similar form, and determine the 
arbitrary constants involved in this assumption by means of the 
general equation above referred to and the necessary conditions 
of the problem, viz. that the magnetic potential is discontinuous 
at the conducting sur£su;e by an amount 47r^ where ^ is the 
current function, while the rate of variation of the potential in 
a direction normal to the surface, i.e. the normal differential 
coefficient, is the same on both sides of the surface. 

The co-ordinates used throughout are those known as ortho- 
gonal, and are defined by the equation 

ds'^^A'daJ' + ffdb' + Cdc', 

where a = const., b = const, c = const, are the equations of three 
families of surfaces cutting each other orthogonally, as is easily 
seen from the equation itself; A, B, C are here functions of a, b, c 
and ds is the distance between two points 

(a . 6 . c) and (a + da, b + db, c -I- dc). 

In Section (1) the general equation tx>nnecting the current 
function with the magnetic potential is found. 

In Sections (2) and (3) the well-known results for the infinite 
plane and the sphere are deduced and found to be in agreement 
with those of Maxwell and of Larraor (Phil, Mag,, 1884). 

Section (4) deals with the infinite right circular cylinder. 

Section (5) contains the solution for the ellipsoid. I am not 
aware that any result has been obtained previously for the case 
when the ellipsoid has three unequal axes except that by Prof 
Lamb for free currents of the type ^ = Cz, 

In Section (6) an attempt is made to deduce results for the 
anchor-ring, but here we are met by difficulties which did not 
present themselves in the solution of the previous cases, and it 
is only for a simple form of magnetic disturbance that a complete 
solution is arrived at. 
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(1) It is first of all necessary to find the equations connecting 
the vector potential due to a magnetic field of force with the 
scalar potential. With fixed rectangular axes, these are of 



course 



dH 


dO do. 


dy 


dz dx 


dF 


dH dil 


dz 


dx dy 


dO 


dF dil 



dx dy dz ' 

where F, 0, H are the components of the vector potential along 
the co-ordinate axes, and Cl is the scalar potential; but their 
form is altered if F^ 0, H are the components along the normals 
to the mutually orthogonal systems of surfaces a = const., h = const., 
c = const, instead of three fixed directions. 

Let OBPC be an element of the surface a = const, bounded 
by two pairs of surfaces 

b = const., c = const., b-\-db = const, c + dc = const. ; 




OB being normal to 6 = const., OC to c = const; and let F, O, H 
be the components of the vector potential at along the normals 
to the surfaces a, b, c respectively. 

Then the line integral of the vector potential round OBPC 
is equal to the magnetic induction through the same area, which 
gives 

OBdb + (nCdc + ^ HGdc db\ 

^ (OBdb -{- ^ OBdb dc\ 

-HOdc^-^BdbCdc, 

da 

the orthogonal surfaces being given as before mentioned by the 
equation 

ds" = A'da^ + ffdb' + C'dc\ 
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Hence 



and similarly 






(X). 



Suppose now that one of the orthogonal surfaces, e.g. a = Oo* 
is formed of a conducting substance whose specific superficial 
resistance at any point is a. 

Let <I> be the current function at that point, F, 0, H the 
components of the vector potential due to the current sheet, 
FoOf^o those due to the external disturbing system, fl and flo 
the corresponding scalar potentials, and yjt the function known 
as the potential of free electricity when the motion is steady. 
Then the equations of electromotive force are 



d* d ,^ ^. dylr 



Cdc 
d^ 



dt 
d 



— <T 



Bdh 



Bdb dt^^'^^'^'Cdc 



(2). 



Again, equation (1) gives 

hence on eliminating -\-Oo and H +Ho by means of (2), we 
have 

d faGd^\ d (<rBd^\_ BCd d . .. 

db\T~dJb)^d^\Ci:cl'^'^dtda^^^^^^'^'''^^^^ 

in which a must be put equal to a^ after the differentiation with 
respect to a has been performed. 

Since fl is known in terms of <l> this equation is sufficient 
to determine either of them, but it is more convenient in 
applying the equation to particular cases to use the conditions 

JfQ 

that fl is discontinuous at the surface a^a^, while 
tinuous ; thus 



da 



IS con- 



and 



47r* = 111 - fla,! 
da da 



where Hi is the potential due to the sheet on its positive side, 
and fla that on its negative side. 
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These conditions with equation (3) are necessary for the 
solution of the problem, and they are also sufficient ; for the forms 
assumed for Hi, XI, each contains an arbitrary constant, so that 
we have three equations to determine these and ^. 

We proceed now to the examination of some simple cases. 

(2) Suppose the surface a — a^ is an infinite plane, e.g. the 
plane of xy, using Cartesian co-ordinates, and let us further suppose 
that this plane is made of a conducting substance whose specific 
resistance is the same at every point. Then we have 

and equation (3) becomes 

^V5? + ^j=-^3;("+"«> <*>• 

Let P be the potential due to a distribution of density ^ over 
the sheet, then 



27r dz 

11= '^^ 



(^ = 0), 



dz 

P being here the value of the potential on the positive side of the 

dP 
sheet, hence if fl^^ = — -^ (4) becomes 

27r dz \da? "^ dyV " dt dz'^ ^^'^' 
or since VP = 



27rd^ ^ dtdz"^ ^ '^' 



and this is satisfied if 



29r dz dt ^ ^ "'' 



which is the equation given by Maxwell, having for a solution 

We can, however, find a solution in a different way, for suppose 

il^ = A^e^P^J^{qi')e-^ co^mifX (5), 

n, = Ajs^^^J^ (qr) e^^ cos m<f>) 
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where fl^ is the potential due to the sheet on its positive side and 
flj that on its negative side, J^ denoting a Bessel's function of 
order m. The co-ordinates used here are cylindrical and 

ds' = dr^ + r'd<l>^ + dz'. 

Now 47r<I> = flj - n, (2: = 0) 

= (il J - A^) ^P^J^ (qr) cos m</>, 
and (3) becomes 

= ipqr (A^ + A^J^ cos m<^, 
i.e.8mce _+_._ + ^<^__j J = 

Again, because -^ is continuous at the sheet 

A^ = — A^, 
whence substituting in (6) we find 

^^■"^«~ (?cr+27rzp-^<> (^>' 

and flj flj and thence ^ are completely determined. 

If -4o = there is no external magnetic disturbance, and we 
must then have by (7) 

q<r + 2mp = 0, 
or 'P^'-h' 

therefore Hj = A^JJ^qr) e~*^'^2ir / ^^^ ^^ 

fi, = — ^it/^Cjr) e ^^ *» ^ cos m<l>. 

Since any function of r, ^, <^ can be expanded in a series of 
terms of this type, we see that if at the time ^ = 0, ft^ = F(r, 0, z\ 
then at the time t 



«. = i'{r.^. (.+£.)}. 
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and if when t^O, H^ ^/{tOz), then at the time t 

80 that the effect on either side of the sheet is the same as if the 
currents in it remained constant, while the sheet itself receded 

with a uniform velocity ^ , as Maxwell shewed. 

(3) Next suppose the current sheet to be spherical, a being 
again constant. Here 

ds^ = dr» 4- r»d^ + r» sin* 5d^*, 

and equation (3) is now 

(d . ^d4> 1 cP4>\ 

= -a«8ine^ . ^(fl + fto) (8), 

in which a the radius of the sphere is substituted for r after differ- 
entiation. 



Let flo = ^e*«QV., 

and assume flj = ^,e*M-] F^, 

F, being a spherical surface harmonic of order f?. 

Then 47r<I> = Xl^ - ft, (r = a) 

= (il,-^.).*i^F. (9), 

or on substituting in (8) 

= — ipna sin {A^ + A^ F,, 

i.e. {n + \)^{A,-A,)^ipa{A, + A,) (10). 

Again, since -t=- is continuous at the surface 

dr 

(» + l)il, + W^, = (11); 
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therefore ^=_^A_ = ^|^ 

= V'«(^. + A) by (10), 
(n + l)(2n + l)^ 

and therefore = P^ 9 (12). 

(»+l){(2n+l)^ + i>a| 

Thus both the unknown constants are determined and <P and O 
are completely known ; for example, 

tBTT 

(2n + 1) JpaA, .^y 

(n + l){(2n+l)(r-\'4!'inpa} •* 

Again, the whole potential inside the sphere is 
(A+A) ^^ /"-V r - (27i+l)(rilo , (tY 



= iloC08xe*<^*->^QV„ 



where v = tan"' jwrp 

shewing a field diminished in the ratio cos % : 1, and lagging behind 
by a time equal to 27r/Y of a complete period. This agrees with 
the result given by Mr Larmor {Fhil. Mag, 1884). 

For free currents of the type e*^*F^ we must put -4© = in (12), 
and we then have 

(2n + 1) <r + 47nfpa = 0, 

(2w + l)<r 

giving a value for the modulus of decay which is well known. 

The results given by Prof. C. Niven {Phil, Trans, 1881) for 
the law of decay of such currents can also be found from our 
equations. 

(4) Let the current sheet be an infinite right circular cylinder 
of radius a, the specific resistance being constant at every point of 
its surface. 

Here ds^=dr^ + r^dff' + dz* 

with cylindrical co-ordinates and equation (3) is 

12—2 
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Suppose 



sin 



COB 



where Jm deootes a Bessel's function of the first kind and of order 
m. We may then assume 



sm 



Wo 



sm 



(14); 



K^ being the corresponding Bessel's Amotion of the second kind, 
and equal to 

} rJ » 

so that K„^ = t/'fn at the surface of the cylinder and vanishes when 
r is infinitely Iflkrge. 

Then 4flr* = fta-fl, 

^^iA,-- A,)J„,(qa)^P'e^^m0 (15); 

hence substituting in (13) and denoting differentiation by dashes, 
we have 






{A,-A,)[^'^^^)j^^^ip{A,^A:)J: ...{U\ 



also since ^r- is continuous at the surface 



dr 



A^KJ = ArJJ 



(IT). 



therefore 



A,- A., 



\ 



rJr 



= (uli - At) aJm I 

- ipaJm \ 

J a 



= {A^ + ilo) 



dr 
rJ « 



4^ 



and therefore 






by (16). 



...(18), 



47r\ 






and the constants are determined. 
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Thus <D = i- (^, - A,) Jm^P'e^^ ^^^ m0 

47r cos 

- ipJn:i^P'e^ ^^° me 

A <50S 



c 



(-j" + 2') + *'"W-'^-7.^» 



Again, the whole effect inside the cylinder is given by 
fl + ft. = (^, + A,) J„ (qr) e*«e±«^ ^° m0 

COS 



= il 



(-J" + 3') •^"•(3*")- 



— 



(-jV<^) + 4«>a/.'^„'/^^ 



Sin 
= Ao COS xt/m (gr) e* <^*-x> e±«^ m6!, 

cos 



where tan x = 



4t'7rpaJmKJ I 

J i 



dr 



s 






shewing as in the case of the sphere a field diminished in the 
ratio COS x • 1 with a lag in phase equal to 27r/x of a complete 
period. 

For free currents of the above type we may put ^^ = in (18), 
and we then have 

"• / rJ ^ 
which gives a real value for the modulus of decay. 



or tp= ^cA i 



(5) Let the current sheet be now an ellipsoid, taking as ortho- 
gonal «o-ordinates of any point the semi-major-axes {ptiv) of the 
quadrics confocal with the given ellipsoid which pass through that 
point, so that 

(&» = Udp^ -h M^dfji^ + N^dv\ 
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,« 0>'-/)(m'-»0 

(/>«-,;»)(m'-v') 

~ (A' - v') (** - »^) ' 

a, b, c being tbe semi-axes of the ellipsuidal sheet. 
Equation (3) is in this case 



d trN d^ d aMd^ 



MN d d 



(19). 



dfi M dfjL dv N dv L dt dp 

This equation may be easily solved if a-= kL where k is con- 
stant. This is equivalent to supposing the current sheet to be a 
homoeoidal shell, for the thickness of such a shell at any point is 
proportional to the perpendicular from the centre on the tangent 
plane at that point, i.e. inversely proportional to L, so that if the 
sheet be made of a homogeneous conducting substance its specific 
resistance at any point will vary as L. 

il.=^AO')^.(/*)^.('')«n 

where E^ and F^ denote Lamp's functions of the first and second 
kind respectively, and 

dp 



Let 
and assume 



,(20> 



F (p) = (2n + l)E,(p)( , ^ =^ ... 

Then 4ir4> = (^/,-^^J^,(M) -£?,(«')«*' 

[E^ and F^ are here written as abbreviations for E^ (a), F^ (a)]. 
Substitate this value of ^ in (19) and there results 



K 



(Ai'.-^A)|^-l^^+5; j^^;}^.(/*)^.(.) 



MN 



= - -^ ip {A, + A,) E:E, (/*) E, {v), 

which if we introduce two quantities 17, 5" defined by 

dfi 



-I 



»y(/i'-A')(A» 






dv 



J{h* - I/*) (*» - v") 



(21). 
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may be written 

(p'-''')^,-Kp'-m)'J^ 

^(j>* - A«) (p" - ifc*) (/*' - A') ()fc" - /t") (A' - p') (** - !»') '^" ^^ ^" ^"^ 

^ tp (a*' - »') VCp' - A') (p* - A;*) 

^ V0*» - A») (iP - /*') (A' - v') ()fc» - i;») 

or since p = a B,t the sheet 

= - ip6V 0*» - ,;«) (4, + .1,) E^E^ (f,) E, (v) 
Now (see Heine, Kugelfunctionen) 

and ^§r^= {n (» + 1) I'* - (/ (A» + F)} ^, (!»), 

where 9 is a constant which is known when the form of E^ is 
known. Hence 

= -(/*•-.;'){» (n + 1) p» - 3 (A' + A*)}. 
Substituting this result in (21) we have 

-^{A,F,-A^,)[n{n + l)a*-q{h*^l^)]\ ^^^^ 

= ip6V(/*»-r»)(.l. + A)^;J 

Since -7- is continuous in crossing the surface of the ellipsoid 

a,f:=a^:; 

therefore ^' = 4''= irF~-i'^E (2^>' 



but since 
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i^.--(a.^l){g//;-.-^^_'» ._ »-} .h.n, = . 



therefore 



and (23) becomes 



E'F -F'E =:?5il 
" " • • he 



e: ~ f: ' 2;r+i ^'^•^« ~ '*«^-^ 
ipfev (ii. + ii.) e: 



(2n + 1) f^ {» (n + 1) a' - } (A» + /fc»)} 



- by (22) ; 



4ir 



and therefore 



JpbYEM, 



(2*), 



(2» + 1) ^ {n (n + 1) o* - 3 (A' + jfc»)} - iph't^E^F^ 



which gives A^ and ^, completely. The expression for the current 
function is 

^ = ^ {A,Fn - A,En) K 0*) E„ (p) e** 

{2n + l){pb^En'AoE„(fi)E„(p)e^ 
(2n + 1) « {» (n + 1) a» - g (A» + ifc»)} - 4nnpb^c^En'F„' ' 

and the effect inside the shell is given by 

a + a, = (A, + A,) E, (p) E, (/*) E, (v) i^ 

(2« + l)Ac(w(w + l)a'-g(A' + ^')}^ 
(2n+l)«{n(«+l)o'-g(A'+A')}-4irt>6V^,'^,' "^''^•" 

= il, cos xK (p) K Qi) E, (v) e«<»'«->rt, 



where tan ;^ = 



iiirpbVE^'F^ 



(2n+l)/c{3(A* + A:')-n(n+l)a»} 



9) > 



again as in the previous cases of the sphere and cylinder shewing 
a diminished intensity and change of phase. 
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The modulus of decay, viz. —Ijip for free currents of the 
type considered, is found as before by putting -4^ = in equa- 
tion (24). Thus 

_ (2« + l)^(n(n + l)a»-g(A,« + A0} 
^^ ^~ iwbVE.'F' 



n n 



When ^ = Gz we have E^{p)^Jp*'-1fy and we easily find 
by substituting this value in the equation satisfied by E^{p) 
that 

q{h^ + l^)=h\ 

Thus for free currents 

. /c(2a*-A') 

• I 'Ja E^Jip*- h*) ip* - k') EM 

„, a a 

or since A_ = 



tp = 



K (O* + V) 






where N = ^irahc 



la (o' - 



dp 



and the modulus of decay is 

and this will be found to agree with Prof. Lamb's result {Phil. 
Trans. 1887), when we take into account the difference between 
his p and our k. 

(6) We proceed now to the case of the anchor-ring. The 
notation used is that of Dr W. M. Hicks in his paper on Toroidal 
Functions, Phil. Trans. 1881, except that we use a- and in- 
stead of u and v respectively, and we have 

A* 
(fo* = 7-^^ (da^ + d0' + sinh* o-di^'), 
(trU) 



or 
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(see Heine, Kugelfunctionea\ where 

(aOy = cosh cr — cos ft 

Let (T = (Tq be the equation of the current-sheet and suppose 
the external magnetic field to be symmetrical about the axis 
of the ring, and therefore tiJLi and ^ independent of ^. Then 
denoting the specific resistance in this case by p, equation (3) 
becomes 

d . , d4> Arsinho- d ci .^ . ^ . 

Ie't-$r>*''^ <**'• 

if 4>, ft and ii^ vary as e^^. 

The type of function which satisfies Laplace's equation for 

the co-ordinates here used is {a$) P^ (cosh <r) sin vS where 

2n + 1 
P. (cosh <r) is a zonal spherical harmonic of degree — x — with 

ia as argument; its properties as well as those of the allied 
function Q^ (cosh a) are fully investigated by Dr Hicks in the 
paper to which allusion was made above. 

If however we attempt to solve (26) in the same way as 
the previous cases, viz. by assuming ft^ to be of the form 

A^ (ad) Q^ (cosh a) sin nd, 

ft, of the form -4, (ad) P^ (cosh a) sin nO, 

and ft, of the form 

A^ (aO) Q^ (cosh a) sin nff, 

we find that these values of ft, and ft, cannot represent the 
potential due to the current sheet, for their differential coefficients 
with respect to a are 

II sinh aPJ(a0) + (a0) P^ A, sin n0, 

and II sinh aQJ(a0) + (ad) q\ A^ sin nft 

and these cannot be equal when <r = o-q for all values of unless 
A^ and A^ are both zero. 

The point in which this case differs from those already dis- 
cussed lies chiefly in the fact that the expression for the typical 
harmonic instead of being the product of three terms each of 
which is a function of one co-ordinate only, contains in addition to 
these a term which is a function of two co-ordinates a, ft 
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Let us fiDd an expression which can represent the potential 
due to the sheet Assume 

ft, = 2a.(crtf)P.sinnq 

ft, = 26^ (o-tf) Q. sin wtf j ^^^^' 

where the S denotes summation with respect to n, and a,, 6. 
are constants; H^ and ft, will then satisfy Laplace's equation 
and since P„ and Q^ are finite and continuous and P^ does not 
become infinite at any point outside the surface nor Q^ within 
it, Xlj and ft, may represent the potential due to a current sheet 

provided a^ and b^ are so determined as to make -r- continuous 

at the surface. This requires that 

2 ^ {(a0) (aJPn - bnQn) sin n^} = 
for all values of when a = a^, 
ie. . 2 || ^^ (a,F^ - KQ,) + (o0) (a^FJ - KQ,')^ sin nd = 0, 

where S = sinh <r and PnQn denote —^^ and -^ respectively, or 

2 {S (aj>n - bnQn) + 2 (<r^)» (a^/ - bnQn')] siu ntf = 0. . . (27). 

Li place of dfjbn introduce now two new constants X^ and fj^n 
defined by 

an = KQn + fhiQn/S) .aa\ 

bn^XnPn + f^nPn'IS] ^^''^' 

in which 8, Pn, Qn etc. have their values at the surface, then 

aJ'n - KQn = § (PnQn " PnQn) = " ^ . 
^nPn •■ ^nVn ~ ^n (P« V« "" PnQn ) ~ a ^> 

and (27) becomes 

2 K - 2Xn (o-^)'} sin w^ = (29), 

or 2{/Lt» — 2Xn(0— costf)}sinn5 = 0, 

Le. 2 {fin sin n0 — 2(7\» sin n^ + Xn sin n + 1 tf 

+ X^sinw-ltf} =0, 
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and this can only be satisfied for all values of when 

/t, = 20X,,-\-\, 



5= 2C/a»_ — X« . - "■ X, 



M4-1 



'n~l 



(30). 



Any values of \ and fi which satisfy this set of equations 
give on substituting in (28) values for a, b which determine 
proper forms for fl^, ft, . 

The value of ^ is given by 

= 2 {anPn - bnQn) {od) sin n(? 

= 2 § {PnQr: - Pn Gn) (atf) sin uO 

= -j2/inM)8inwtf (31) 

2ir 



= —^t\n {<^0y sin n5 by (29), 



or 



4> = -2^,2x„(cr^)»sinntf 



.(32). 



Using this value of 4>, equation (25) becomes 



2/S«A;ip dd ^ dd 



= ^), ^ [26n (o-e) (2n sin n0 + ft J 



Let p = kRKady so that the specific resistance varies as the 
distance between the two consecutive surfaces 

<r = o-Q and a = <r^ + da^ 

(this is analogous to the assumption made above as to the re- 
sistance in an ellipsoidal shell), and the equation is now 

= (i ^ [26„ {<r0) Q„ sin n0 + ft.] . . .(33). 
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The left-hand side of this without the factor 



R 



d - 



= 2X 



n 



\a 7~~a\ sinnd + n (ad) cos n0 
{Z (atf) ) 

(3 cos . 
12 (a0) ^' 



28Hp 



IS 



a 3 sin'tf . ^ 



4 (cr^y 



2w . ^. cos nd ~ w' (a0) sin n^> 



^^ (3 2cos0(ir0y-8iji^0 . ^ 



• /I \ 

+ 2n 7-sr COS n0 — n^ (a0) sin n0\ 
{ad) ) 



= 2Xn J^ — ^-kr- sin n^ + 2n j—^ cos w^ - n^ (ad) sm w^^ 
(4 \<Tdy (aa) I 

"" rW ^^ 1~ (I "^ ^*) ^"^^^ ®^^ ^^ "^ ^^ ^^^^' ®^° ^ ^^'^ n(? + 1 /Sf« sin ndi 
= (^^ya 2Xn [m)* |- (I + n^) (C - COS ff) sin ntf 



+ n (sin w 4- 1 ^ — sin n — 1 ^) 



+ J fiC sin n0 



= (^^^[(^^^{-{1 + ''")^'''''^ 



] 



+ |(|+n» + 2tt)sin» + l^ 

+ 1(1 + n» - 2«) sin IT^l ^1+1 /S'sin nO 

+ 1 5X1 si 



sinnd 



= ^-1^ 2[(.r<>)'|-(7\„-|(»«-i)^ +|sx]8inn^by(30) 

- 2 (^* - 2n + ^ j /%-i| - ^ iSrXn sin ntf . 
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The last line is got by finding the coefficient of sin nd in 
the preceding line and using (30), and the expression holds for 
all values of n down to unity provided we cousider \ = fi^=: 0. 
The left-hand side of (33) is then 

+ n (jin-j - fin^i) - 2 SX sin n0 . ..(34). 

For the right-hand side of (33) suppose O^ is of the form 

A^ (ad) Qm (cosh <r) sin m0, 
then we have 

\7Sy [^ ^- ^"^^ ^' ''° "^ + ^ ^o (*^^> ^' ^'"^ H 

+ A, {{SQ„ + 2CQJ) mnme- (sin ^^M^l ^ + sin m^ ^ Q„'}1 . 
(33) written in full is therefore 

+ « (/*«-i - M,+,) - 2 '^-J sin «^ 

= 2 {K (8Q, + 2GQ:) - K„qf^, - 6.,, q^,] sin nd 

+ A, {{8Q^ + 2CQJ) sin 7»^ 

-(sinm+ld + sinm-l^)QJ}...(35). 

By equating to zero the coefficients of sin nd in this equation 
we arrive at a system of equations which in conjunction with (30) 
furnish the complete solution of the problem. 



1894.] on Ellipsoids and Anchor-Rings, 175 

These are 

+ {^ (SQ, + m:) - K.,Q^^, - 6.«Q'^.} = . . .(35 a), 
where n may have aoy positive integral value except wi — 1, fw, or 
tTi. + 1 ; in the first and third cases we have instead of zero on the 
right A^QJ, and in the second case 

If m = 1 there is a solution given by 

x.= ap:+bq: 

fi. = -S(AP, + BQ,)l 
for all values of n > 1, -4 and B being constants, or more simply 



J (36), 



(36 a), 



^• = -^1 



and when n = 1 



^,=-8(AP, +5Q,) +^p.'+ bq:] ^^'^' 

or a.= ^|+%'(^p;+5<2;, 

^ p. 1- (37 a). 

b,=r-B^ + tl(AP: + BQ:) 

For these values of X, /a, satisfy equations (30) by reason of the 
relations 

(PhU. Trans. 1881, p. 646) and they will also satisfy (35) if A and 
-B have suitable values. To prove this it will be suflScient to sub- 
stitute P/ for X^ and -- 8P^ for /a^ as the relations between the Q 
terms are always similar to those between the P* terms. The left- 
hand side of (35) then becomes 

- nS (P^. - P^.) - 1 -S^.l sin nd 



« 



+ (2n - 1) P^, - (2» + 1) P,„ + 5Sp/\ sin n^. 
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(39); 



or 



Now the following relations hold between the Ps 

hence 

(n«-^)(2(7P.-P..,-P.J = SP; (40). 

Again we have also from (39) 

4SP.' = (2n + 1) P^, - (2n- 1) P... - 20P. (41). 

and if we substitute in the expression found above from (40) and 
(41) it is seen to vanish. 

The right-hand side of (35) as far as it depends on the po- 
tential due to the sheet is 

2 {b. {8Q^ + iCQJ) - 6..,g^, - ft.,,^.,.} sin nd 

= - ''Z 2 {SQ. + 2GQ: - Q;., - Q;, J sin n0 

= 0. 

These results do not hold for the cases n = 1 or 2, but by 
equating the coefficients of sin and sin 20 in (35) to zero we 
shall have two equations which will determine the values of the 
constants A, B, in order that (35) may be satisfied by the forms 
assumed for X/i in (36) and (36 a), and we shall thus have found 
the current function when the external magnetic disturbance is 
of the form 

A,{tr0)Q,{a)^m0. 

The coefficient of sin on the left of (35) is 

-2#^{§^2Cm.-m.)-M.-|^\| (42), 

now putting for the moment fi^= ~- S {AP^ + BQ^ we may shew 
as above that 

i(20M.-/.,-/*j+/*.-/*.-|s%=^(^p;+fi(2,'). 
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hence the expression (42) is equal to 

The coefficient of sin on the right of (35) is 
b, {SQ, + 2GQJ - \Q: + A, iSQ, + 20(2/) 

= h iQo' + Q,') - W + A (Q; + Q,') 

JD p / 

=-^Go'+^(^i^o'+5<2;)«2o'+<2;)+^(«;+Q;) 

by (36 a) and (37 a). 

Equating then the two coefficients of sin 0, we have 

which is the first relation between A and 5. 

Again, the coefficient of sin 20 on the left of (35) is 

= - 2^ (- ¥ + ^) ^^^•' + ^^"'^ ^y <^^> *°^ ^^^^ 

and on the right we have 

6. (SQ, + 2CQ:) - \Q: - h,Q: - A,Q^ 



•...(43), 



= - ^ {AP^ + BQ:) - A,Q;, 



hence 



j^^ {AP: + 5(2.') = -i§L{AP: + BQ,') - il.Q/, 



/S 



or 



ap: + 5Q.' = ^ R '^«^^ ' ' 



85 



(44) ; 



IQSip 



•T + ^.'Q/ 



(43) and (44) determine AB in terms of -4o and thence 4>, n^fl, . 
VOL. vni. PT. ni. 13 
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For free currentjs ^o is zero, and (43), (44) must reduce to the 
same equation. This will be so if 

ie. if - (P.(2.' - P.'Q,) j^ = I P/©,', 

'''' imp " ^'^''' 

whence the modulus of decay is 

i6sp:q: 

R 

the corresponding current function being 

= ^' 2 {Qo'P: - PoQn) (<^^' sin n0 eWe^i'.'Qo', 

since AP^ + BQq =^0, A' being an arbitraiy constant and the 
summation extending from n = 1 to n =: x . 

(2) The Complete System of Qtiatemariants for any Degree. 
By D. B. Mair, B.A., Christ's College. 

[Published in the Trcmsactions.'] 

(3) The Configuration of a pair of equal and opposite hoUow 
straight vortices, of finite cross-section, moving steadily through fluid. 
By H. C. PocBXiNGTON, B.A., St John's College. 

The motion of a fluid that circulates about an annular hollow, 
which itself has a motion of translation, has been worked out by 
Dr Hicks in a paper in Phil. Trans, 1884. He there finds the 
shape of the cross-section and the velocity of the hollow, together 
with other circumstances of the motion. He, however, assumes 
the ratio of the diameter of the cross-section of the hollow to that 
of the ring to be a small quantity of which the higher powers may 
be neglected. As his results are thus only approximate it may be 
interesting to give an investigation of the two-dimensional case 
to which his three-dimensional one is analogous. This investigation 
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the greater power of the methods of two dimensious enables us to 
make accurate. 

Here the fluid, which is at rest at infinity, contains two hollows, 
and its circulations about these are equal and of opposite signs. 
The hollows themselves move, without change of form or relative 
position, in a direction parallel to a line which is an axis of 
symmetry and with a constant velocity V, We shall prove that 
this motion is possible, and find equations to give the shape of 
either hollow and the value of V, Impressing on the whole 
system a velocity equal and opposite to F, and regarding the 
motion on one side only of the above-mentioned axis of symmetry, 
we reduce the problem to that of the steady motion of fluid 
circulating about and flowing past a fixed hollow in a half-plane. 
Before proceeding with the solution, which is obtained by the 
method expounded by Mr Love in Proc. Camb. Phil, Soc. Vol. vii., 
p. 175 et seq., the cyclic region occupied by the fluid must be 
converted into an acyclic one. This is done if we draw the 
shortest distance between the hollow and the straight boundary, 
which latter we will take as the axis of x, and consider it part of 
the boundary of the region dealt with. The line just drawn is easily 
seen to be the other axis of symmetry of the system, which, since 
the pressure at the surface of the hollow is unaltered by reversing 
all the velocities, must possess such an axis. We accordiugly take 
it as the axis of y. The boundary in the plane of the complex 
variable z = x-{- ly is now as shown in fig. 1, where the arrows 
show the direction of motion of the fluid. 

E 




D 



coA- 



G 



00 



Fig. 1. Plane of z. 

They are inserted on the strength of information given by 
the case where the hollows are small compared with their distance 
apart 

If we define w ss <f>+ t^, where <f> and yjt are respectively the 

velocity-potential and the flow-function of the fluid, it is a function 

of z, as the equations satisfied by <f> and ^ show. Hence if we 

dz 1 

put ft = log -7- = log - + t0, where q cos tf, g sin d are the com- 

13—2 
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ponentB at velodtj at the fluid, fi ako is a fanddon of z. It 
follows that the regum in the plane of ^ is represented conformably 
cm the planes of w and fL llie boandaries in these planes can be 
found. Far, proceeding along AC, yfr is constant and ^ increases 
from — 00 at il to a certain valae at B, and then diminishes to its 
yalae at C. Along CD, ^ is constant and ^ decreases to a value 
which the arbitiary constant contained in it enables as to take as 
zero. Along DBF, ^ is constant and ^ increases. Alone FG, ^ 
is constant and -yfr increases till at & it has its original ▼sJue, and 
finally along 61, ^fr is constant while ^ first decreases and then 
increases till at 7 it is infinite. The bonndaiy in the tc^-plane 
indicated by the above is the sjrmmetrical figure shown in 

fig. 2. Again, from A to B, 0^0 and log- increases from 
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Fig. 2. Plane of «. 

log -p; to 00 . From 5 to D,0 — ir and log - decreases from oo to 

log -jj y where U is the velocity of the fluid at the surface of the 
hollow. This velocity is constant, since the pressure there has 
the constant value zero. From D to F, log- is thus constant, 

while d decreases from TT to — w. From f to JJ, ^ = — ir while log- 
increases from log -j^ to X . From H to I, = and log - de- 
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Fig. 8. FlaneofO. 
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creases from x to log-^-. The boundary in the fl-plane is 
therefore as shown in fig. 3. 

The relation between w and t that transforms the boundary in 
the plane of w into the real axis in that of t is given by the theory 
of Schwarz and Christoffel in the form 

w = k\Jdt 



where we have assumed that the points ±1, ±k, ±a are those 
corresponding to F' and D\ & and C\ H! and B respectively, and 

where a > t > 1. 

To integrate this, put ^ = sn u (mod. k\ and then 

w=^\jdu (A? V — If sn* u) 



= xk(t/) + (J+feV-l)J (1), 



if we chose the coefiicient of integration so that w = at E\ A 
consequence, utilized below, of this equation is that the points 
A', r correspond to the points at infinity on the real axis in the 
plane of t Between the three constants, X, A?, a, that enter into 
this equation, we can find two relations. For if ^^ + ir^^ is the 
value of w corresponding to 6, so that 2^^ is the circulation about 
the hollow, 'y^^ the amount of fluid that in unit time flows between 
it and the axis of a?, we have 

Putting for Z{K-\- iK) its value 

this is 

^, + tf, = X [[E + {lea* - 1) K] + « {lfa*K' - E)\ 
giving 

4>, = \{E+{¥a'-l)K] (2) 

^,^\{lfa*K' - E') (3). 
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The relation between fl and t by which the boundary in 
the O-plane is transformed into the leal axis in the ^-plane, so 
that the points U' and F'\ E' and W\ A" or /" become the 
points ^ = + 1, ^=± a, ^ = 00, is given by 

_/^ f ^ M ^\ 

= r— log j/a<-l^V^^lV^l) 
2aVa'-l *lV <-a / 



I H^^ J } + "• 

Noticing that when t increases through the value a, the imaginary 
part of n diminishes by iriy we put 



2aVa' - 1 



= 1. 



Giving now to t the values and oo , and to 11 the corresponding 
values log -jj and log -^^ we have the equations 

, 1 

log^=7r* + i/, 

log^ = 7r* + i/ + log , , , 

y a — Va - 1 

giving finally 

7t=— — 7=^=T=2a'-l-2aVa*-l (4), 

^ a + V a — 1 

and 



or, making the same substitution, ^ = sn t^, as before, and putting 
for n its value log -p , 



dx 1 asnw — 1 + *\^a* — Icnu /asnt^ + l- Va' — 1 



cni£ 



dw U sn w — a / sn u -f a 

__ 1 (2a' — 1) sn* 1/ — g* + 2^aVa' — 1 sn u en ^ 
*" tr sn'w — a' 



dz 
du 
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From (1) -T- = A;*\ (a" - sn" u), and so 

= ^ r(2a" - 1) dn»i/ - (2a"- aV- 1) - 2taV?^A* sn wen « 1 

= ^r(2a*-l)^(ti) + {(2a*-l)(^-l) + aV}2 

+ ica'^a* — 1 dn w + const 

Now ^ has the same value for D and jP, that is, {or u^ K and 
u^-- K. This requires that the coefficient of u should vanish, 
that is 

(2a'-l)(J-l)+a»A;« = 0, 
or 

"~2(ir-^-A'jr ^*^- 

Further, since ar=Oif« = ^+ tZ"', the value corresponding to O, 
we find that the constant of integration is 

Putting this value in the formula for z, and equating separately 
the real and imaginary quantities involved in the resulting 
equation, 

«; = ^(2a'-l)^(w) (6), 

y = ~|(2a»-l)^4•2a^^5^^Tdnl*| (7). 

These equations with those numbered (1), (2), (3), (4) and (5), 
give the form of the free surface and the other details of a complete 
solution of the problem we started with. 

We can in two special cases find the form of this curve without 
the aid of tables of elliptic functions. The first is that of k small 
Using the approximate formulae 
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we find 



from (5) and (2) nsfeCtxt^j. Also 



gira« 






«=^8m2«. 



= ^(|-2 + cos2.). 



and showing that the hollows are cirdes whose distance apart is 
great compared with their radiL The velocity of translation of 

the Tortex is F=(2a*—1 — 2a Va* — 1) 17"= ^s ^, a ^^e agree- 
ing with that which we can obtain by elementary methods. 

The second tractable case is that in which h is nearly equal to 

2 
unity. Here K=^ 1%t7> where h' is the modulus complementary 

to h, and J?= 1, giving 



and thus 




2 logs 




dnu 



2 
Since the limits of dni£ are 1 and 0, and log jt^ is large, those 

of ^ are two small quantities, the larger of which, however, has a 

2 
ratio to the smaller of the order V log p . 
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The two hollows of our original problem are therefore in this 
case of small breadth, while the length, since the perimeter is -^ , 

is the finite quantity ^ . They are very close, their distance apart 

being, in fact, of the second order of small quantities if their 
breadths are of the first. The velocity of translation is 

F=(2a' - 1 - 2a V^^) J7= U, 

which is the greatest value it can have. 

It has been suggested to me that it would be of interest 
to discuss the shape of the sharp extremity of the vortex in this 
case. If we confine our attention to what takes place near the 
extremity, we may consider the case as that of a jet, proceeding 
from infinity with velocity J7, which meets an infinitely broad 




Fig. 4. Plane of z, 

stream of fluid moving in the opposite direction with the same 
velocity, both the jet and the stream being bounded by the axis of 
a. The diagram in the plane of -sr = a? -f ty is that given in fig. 4, 
where the arrows indicate the direction of motion of the fluid. 
Since FE and OHI are flow lines, and if> increases from — oo 

Fig. 5. Plane of w. 
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Fig. 6. Plane of 0. 
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at (7 to a certain value at Hy and then diminishes to — oo 
at /, the bonndary in the plane of w^^ + l-^ is that shown 

in fig. 5. Again, along FE log- is equal to the constant 
log-^, while increases from to tt; along OH log- in- 
creases frt>m logy^ to OD, while is equal to zero; and along 

HI log - diminishes frx>m od to log j^ while is equal to tt. 

The boundary in the plane of fi is therefore that shown in 
fig. 6. 

The formula transforming the boundary in the plane of w into 
the real axis in that of % is 

w = X 1^— ^^ — > 

where we have made F' or 0\ H' and E' or /' correspond to the 
points < = 0, « = 1, < = 00. 

The formula transforming the boundary in the plane of A 
into the real axis in that of < is 



"='*/* (F^** 



if we make F" or 0"y H" and E" or /'' correspond to the points 
< s= 0, ^ « 1 and < = 00. On integration this is 

Noting that Q, — log jj when t = 0, and increases b j irt when t 

increases through 1, we find 2/i = — 1, and v = log — -jj, and thus 

_ , 1 1 + Vf 

dz 
Since ft = log -i— , this gives 

dz _dz dw 

dt dw dt 
_ \ t + l + 2^Jt 
^ U t 



and so 



^ = --^(^+4V« + log^-6), 
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choosing the constant of integration so that the origin is at the 
point H which corresponds to ^ = 1. 

The free surface is given by negative values of t Putting 
therefore t^—u, and dividing the equation into two by consider- 
ing separately the real and imaginary parts, 

a? = -p.(logt*-w-6), 

where the value of the positive quantity — tt is determined by the 

breadth of the jet. Since the value of y corresponding to E 
is infinite, we conclude that the hollows of our original problem 
are, in the case when they are very close, much flatter on their 
near than on their remote sides. 



axis of symmetry 
Fig. 7. 

In fig. 7, is drawn an intermediate case of a pair of vortices in 
which k has the value sin 89° = '9998. The Elliptic Functions 
are taken from Legendre's Tables. Only one hollow is drawn, 
the other being the image of this in the axis of symmetry. It is 
remarkable that, even for a value of A; so near the limit unity as 
this is, the limiting case of linear hollows is not closely approxi- 
mated to, although the velocity of translation, which is here 
= -97 U, differs little from its limit U. 

The artifice of making the region occupied by the fluid acyclic 
may be applied to any other case of the circulation of fluid about a, 
hollow, provided that the system has an axis of symmetry. The 
only other case, besides that here treated, in which the integrations 
can be effected, seems to be that of a stationary hollow between 
two parallel planes, a case discussed by Prof. Michell in Phil. 
Trans. 1890. 
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Monday, March 12, 1894. 
Prof. .T. McK. Hughes, President, in the chair. 

Malcolm Laurie, B.A., King's College, was elected a Fellow 
of the Society. 

The following Communications were made to the Society : 

(1) Dr W. H. B. Rivers showed apparatus devised by Prof. 
Hering to illustrate (1) colour-blindness of peripheral retina; 
(2) mirror-contrast ; (3) influence of strength of illumination and 
of contrast on quality of colour ; (4*) diagnosis of colour-blindness. 

(2) Mr J. C. Willis exhibited a plant of Deherainea smarag- 
dina in flower. The flowers are interesting on account of their 
green colour, their large size and disagreeable smell. They are 
extremely protandrous In the early stage the extrorse anthers 
completely surround and hide the stigma ; later on the stamens 
bena away and come to rest on the corolla, and the flower is now 
female. From its colour, scent, &c., it is probably adapted to 
large flies. 

(3) Notes on the Bunbury Collection of Fossil Plants, with a 
list of type specimens in the Cambridge Botanical Museum. 
By A. C. Seward, M.A., St John's College. 

Between the years 1846 and 1861 several important communi- 
cations on fossil plants were read before the Geological Society of 
London by Sir Charles Bunbury. In the case of some of these the 
value of the contributions seems to have been frequently over- 
looked by more recent writers. Bunbury's work bears obvious 
signs of careful investigation, and a cautious handling of the 
difficult problems involved in palseobotanical studies. His illus- 
trations were faithfully drawn, and, so far as they are in any way 
open to criticism, it is that in some cases the artist has hardly done 
justice to the original specimens. 

Through the generosity of Lady Bunbury, by whom the 
botanical department has previously been considerably enriched, 
the whole of the Bunbury collection of fossil plants has been 
presented to the Universitv Botanical Museum. 

The chief interest of the collection lies in the type specimens 
which it includes, and in the fact that it contains representative 
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specimens from floras which are widely separated both geologically 
and geographically. 

It is not proposed in these notes to attempt any critical risumi 
of Bunbury's work as a whole, but rather to call attention to his 
type specimens, and especially to one specimen of a Jurassic fern 
[KlvJda (Pecopteris) eadlis] described by him in 1851. 

In illustration of the sound principles which influenced Bun- 
bury's work it may not be out of place to (juote a few sentences 
from one or two of his papers. Discussmg the question of 
geological climates he thus expresses himself : — " If in all depart- 
ments of geology it is necessary to advance with caution, it is more 
especially necessary in the department of fossil botany, where so 
much of the evidence we possess is fragmentary and imperfect ^*' 
This is, indeed, but the statement of a truism, but nevertheless it 
is a truism which bears repetition, and one which has been too 
often overlooked by students of geological floras. Again, on the 
subject of the distribution of Carboniferous ferns, he writes in the 
following words, which are still worthy of attention after an 
interval of forty-seven years : — " We may, I think, conclude that 
the wide diffusion of the same forms of vegetation through the 
ancient Carboniferous deposits of Europe and America, is less 
extraordinary than it would appear if we neglected to observe 
the large proportion of ferns in this ancient vegetation, and their 
distribution at the present day. Still it must be admitted that 
the uniformity of this ancient vegetation over so large an area, 
extending from Scotland to Alabama in latitude, and in longitude 
from Bohemia to Ohio, is greater than can be found at the present 
day; and I quite agree with Mr Lyell in believing that this 
indicates a greater uniformity and equability of climate, depending 
probably on a different distribution of land and sea I believe 
we are fully justified by analogy in saying, that if such continents 
as Europe and North America had not existed at that period, 
but in their stead groups of islands, large and small, and if the 
ocean which now intervenes between the two continents had been 
thickly studded with such groups, like the Southern Pacific at 
present, there would have been nothing unnatural or surprising in 
such a uniformity of vegetation throughout those regions, as we 
now meet with in the Coal-formation. But I suggest this merely 
as a hypothesis, which, if admitted, would serve to explain a 
remarkable fact, and I do not wish to build much upon it ; being 
aware, as I observed on a former occasion, of the danger of resting 
a large theory on such uncertain foundations as are supplied by 
fossil botany, at least in the present state of our knowledge^" 

1 Quart. Jonm. Geol. Soo. YoL il 1846, p. 90. 

2 Q. J. G. S. Vol. in. 1847, p. 436. 
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List, with notes, of type specimens, 

Pecopteiis eUlpUca Bunb. 

Quart. Journ. Geol. Soc., Vol. ii. 1846, p. 84, PL vii. 

Frostburg, Marylaiii. Coal'Measures. 

Schimper^ includes Pecopteris (Cyath.) distans Lesq. as a 
synonym of this species, but Lesquereux ' himself, on the grounds 
of a few differences in detail, prefers to retain both specific names. 
The fructification on Bunbury's specimen is very indistinct, and 
affords no real clue as to the nature of the sori or sporangia. 

Pecopteiis bullata Bunb. 

Quart. Journ. Geol. Soc.. Vol. ill. 1847. p. 283, PI. ii. fig. 1. 

Richmond, Virginia. Trias. 

In describing this fern Bunbury draws attention to the round 
pits in which the sori are placed, as the peculiar and distinctive 
character of the species. 

He goes on to say that " in one or two instances I think 
I have observed an appearance resembling the reniform indusium 
of the Genus Nephrodium** He suggests that, in all probability, 
the plant belongs to the Aspidece and may possibly be a genuine 
species of Nephrodium. The type specimen does not permit 
any very definite conclusion as to the nature of the fertile pinnaei 
Most of the pinnules exhibit two rows of more or less oval pro- 
jections contiguous with one another, and occupying nearly the 
whole breadth of the segments between the midrib and the margin 
of the pinnule. In one pinna, owing to a difference in the manner 
of preservation, the projections are replaced by pits on either side 
of the midrib. A careful examination of the specimen has con- 
vinced me that the indusium-like appearance spoken of by 
Bunbury is merely the outline of a small circular sorus with a 
slight central depression. There is nothing to justify a reference 
to the recent genus Nephrodium. 

Prof. Fontaine ' refers to Bunbury's species in his monograph 
on the older Mesozoic flora of Virginia ; ne changes the generic 
name to Mertensides and figures several examples of frond frag- 
ments. The sori are described as globular, and as consisting of 
5 — 6 sporangia radially arranged. This description appears to 
agree with the appearance presented by Bunbury's specimen, but 

1 Trait, pal. v^g. VoL i. p. 606. 

3 Geol. Pennsylvania, H. D. Bogers, Vol. n. Pt. ii. 1868, p. 866. See also, Seoond 
G^l. Surv. PennsylTania, Bep. Progress P. Vol. 1. 1880, p.r 246. 
3 U. S. Geol. Surv. Monograph, vi. 1883, p. 36, Pis. zv. — xiz. 
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the pinnules are too imperfect to show the outlines of any in- 
dividual sporangia. Fontaine considers that the plants grouped by 
him under his genus Mertensides have a great resemblance to the 
Mertensia group of the OleickeniacecSy and may be regarded as the 
precursors of that family. He adds that " the only point of 
difference between our plants and Mertensia is in the absence 
of dichotomous branching in Mertensides!* 

One distinctive feature of Pecopteris (Mertensides) hvUata 
lies in the existence of a relatively large and spatulate pinnule 
at the basal end on the lower side of each ultimate pinna. This 
character is clearly seen in several of Fontaine's figures, but cannot 
be traced in the incomplete fragment on which Bunbury founded 
the species. 

There can be no doubt that Fontaine's figures represent the 
same species as Bunbury's specimen, but I cannot recognise any 
satisfactory evidence in the numerous figures in Fontaine's mono- 
graph for the adoption of such a generic term as Mertensides. 
The absence of dichotomous branching is in itself an important 
deviation from the characteristic habit of the recent Mertensia, 
As regards the sporangia in the " globular sori " there are no indi- 
cations in Fontaine's figures of any detailed structure whatever. 

I have elsewhere ^ protested against the use of recent generic 
names by this author in the case of Potomac (? Wealden) plants 
on much too slender grounds; and in the present instance we 
have yet to seek suflSciently trustworthy data, on which to found 
such sweeping statements as those of Fontaine on the relationship 
of Pecopteris bvllata to the genus Mertensia, It should be noted 
that Stur^ regards P. bullata as synonymous with Oligocarpia 
robustior Stur, from the Lunzer beds. 

Fllicites fimbriatus Bunb. 

Quart. Joum. GeoL Soc. Vol. iii. 1847, p. 283, PL ii. fig. 2. 

Richmond, Virginia. Trias, 

Bunbury regards this very imperfect fossil as a fertile portion 
of a fern frond, and designates it by the '* vague and comprehensive 
name of Filicites." 

Fontaine ' refers to this specimen as a badly preserved portion 
of a compound fertile pinna of Asterocarpus virginiensis Font. 
Possibly such a view may be tenable ; there is certainly a distinct 
similarity between some of Fontaine's figures, e. g. PL xxiii. fig. 2, 
and the obscure specimen described by Bunbury, but the preserva- 
tion is too imperfect to permit of any definite determination. 

1 The Wealden Flora, Pt. i. 1894, pp. 56 and 57 (British Museum Catalogue). 
> Verhand. k. k. Geol. Beiohs. Wien, No. 10, 1888, pp. 6 and 8. 
' loc, cit. p. 44. 
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Neuropteiti nuineirls Bunb. 

Quart Jonm. Qeol. Soa Vol in. 1847, p. 425, PL xxiL 

Cape Breton^ Nova Scotia. Coal-Measures, 

Bimbury's figure represents a portion of a frond with a length 
of 32 cm. The pinnules and venation are clearly preserved. 
Solms-Laubach ' refers to this species as an example of a fern 
possessing AphlebioB. Lesquereuz ' has figured several examples 
of N rarinervis from Illinois, some of which show cyclopteroid 
aphlebia — leaflets; and more recently Zeiller' has figured an 
aphlebia-bearing specimen firom the Valenciennes Coal-Measures. 
In Bunbuiy's example we have no actual proof of the occurrence 
of such cyclopteroid leaflets. This species has been recorded from 
several ^glish localities, and Zeiller^ has lately recognised it 
among the fragments of Coal-Measure plants irom the Dover 
boring. 

Odontopterls sabcnneata Bunb. 

Quart. Joum. Geol. Soa Vol in. 1847, p. 427, PI. xxiiL fig. 1. 

Cape Breton^ Nova Scotia. Coat-MeoMMres. 

In the first notice of this fragment it is described as probably 
the extremity of a frond, and compared to Odontopteris obtusa 
Brong. Schimper • recognises the species in his Traite de pal^our- 
tologie vegdtale, but Bunbury •, in a later paper, prefers to consider 
it as a terminal portion of some large Neuropteris ; " at any rate," 
he adds with his usual caution, " a species ought not to be founded 
on so imperfect a fragment as the only one I have seen of this 
supposed Odontopteris^ In his Stvdien uber Odontopteriden, Weiss'^ 
includes Odontopteris Svbcuneata in his subgenus Xenopteris. 
Lesquereux ^ retains Bunbuiy's species, and speaJcs of it as possess- 
ing well-marked distinctive characters. It would seem then that 
we are justified in accepting this terminal fragment as the type of 
a distinct species. 

Pecopterls tseniopteroides Bunb. 

Quart. Joum. Geol. Soc. Vol. in. 1847, p. 428, PL xxiil fig. 2. 

Cape Breton, Nova Scotia. Coal-Mea^sures. 

The small specimen accurately represented in Bunbury s figure 
possesses a very well-defined venation. It is much too small to 

1 Fossil Botany (Engl, trans. 1891) p. 134. 

» Geol. Snrv. Illinois, Vol. iv. 1870, PI. viiL figs. 1—6. 

> Mor. foss. bass, houill., Valenciennes, 1886, PL xlv. fig. 2. 

^ Gompt. rend. Vol. czv. p. 628. 

» Trait, pal. v^. Vol i. p. 461. 

• Q. J. G. S. Vol. XIV. 1858, p. 247. 

' Zeitschr. dentsch. geol. Ges. VoL xzn. 1870, p. 863. 

^ Second Geol. Snrv. Pennsylvania, Vol. 1. 1880, p. 134. 
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afford any adequate idea as to the nature of the complete frond ; 
the form of the pinnules suggests rather an alethopteroid than 
pecopteroid type of fern. 

Iflepidodendron ? binenre Bunb. 

Quart. Journ. Geol. Soc. Vol. ill. 1847, p. 431, PL xxiv. fig. 2. 

Cape Breton, Nova Scotia. Coal-Measures. 

This species is founded on the occurrence of two longitudinal 
ribs in the small leaves of the terminal branch fragments figured 
by Bunbury. In one of the specimens the ribs are apparently 
not shown; in the other they are faintly indicated. It is doubtful 
how far this character affords sufficient grounds for the institution 
of a new species; possibly, as Kidston^ suggests, in the case of 
Lepidophyllum binerve, figured by Lebour^ the supposed existence 
of two veins rests on an accident of fossilization. It is conceivable, 
however, that the "double" leaf- trace o( Lepidodendron Harcourtii 
With, may be recognised in well preserved leaves as two distinct 
vein-like ribs. 

Lepidodendron tumidum Bunb. 

Quart. Journ. Geol. Soc. Vol. ill. 1847, p. 432, PI. xxiv. fig. 1. 

Cape Breton, Nova Scotia. Coal-Measures. 

Bunbury speaks of this species as "one of those ambiguous 
forms which would be referred by some to Lepidodendron, and 
by others to Sigillaria" He compares it with L. ottonis Goepp. 
and Sigillaria Brardii Brong. Schimper^ refers Bunbury's plant 
to the genus Lepidophloios, and Macfarlane* apparently accepts 
this opinion. Kidston" considers, on the other hand, that 
Sigillaria should be substituted for Lepidodendron as a more 
fitting designation for this "ambiguous form": in this I thoroughly 
agree with him. The leaf-scars are rather farther apart than in 
many specimens of Sigillaria Brardii, but the great variation in 
the appearance of this species has been well illustrated by Zeiller' 
and Weiss^ and should serve as a warning not to attach any great 
importance to the distance between individual leaf-scars on small 
fragmentary specimens. 

Bunbury's figure gives one the impression of prominent and 
more or less well-defined leaf-cushions, each terminated by a leaf- 

1 Trans. R. Soo. Edinburgh, Vol. xxxv. Pt. i. 1888, p. 323. 
> must, fossil plants, 1877, PI. Ui. 

* Loc. cit. Vol. II. p. 62. 

* Trans. Bot. Soc. Edinburgh, Vol. xiv. p. 182. 

* Annals Mag. Nat. Hist. Series 5, Vol. xy. 1885, p. 359. 
8 Bull. Soc. G^ol. France, S^r. 3, Vol. xvii. 1889, p. 603. 

7 Zeitsch. deutsch. geol. Ges. 1888, p. 565. (For an abstract of the two last 
papers, see Seward, Geol. Mag. Dec. iii Vol. vn. 1890, p. 213.) 
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scar. As a matter of fact the leaf-scars occupy depressions, and 
there are no typical lepidodendroid cushions. The real nature 
of the specimen is best seen by taking a cast of the type specimen; 
we have then a surface view of the sigillarian stem, the leaf-scars 
project slightly, and short downward curved ridges extend for a 
short distance from the two lateral angles. The general appear- 
ance is very like that figured by Zeiller in S, Brardii\ 

Kidston* compares his species, S. McMurtriei, with Bunbury's 
specimen, and points out that in the description of the latter there 
is nothing said with regard to the form of the "lateral cicatricules" 
on the leaf-scar; these are not very well marked in the specimen, 
but sufficiently so to show that they are of the typical elongated 
oval form, and are situated relatively to the leaf-trace scar 
similarly to those in Kidston's species. The leaf-trace scar dis- 
tinctly bears out Bunbury's description that each is made up of 
" two vascular points, placed close together, and often confluent." 

My own impression is that Bunbury's specimen should be 
referred to Brongniart's species, Sigillaria Brardii; in any case 
the specific name tumida would be unsuitable as founded on an 
erroneous interpretation of the fossil. 

Baiera gracilis Bunb. 

Quart Joum. Geol. Soc. Vol. vii. 1851, p. 182, PI. xiL fig. 3. 

Scarborough, Yorks. Oolite. 

Bunbury describes this species as not uncommon in the Lower 
Sandstones of the Scarborough series. He considers it to be 
closely allied to Cyclopteris digitata L. and H. ; it had previously 
been designated Schizopteris gracilis by Bean (ms. name). Bun- 
bury iucludes the plant among fossil ferns, and compares it with 
Acrostichum peltatum Sw. Zigno' prefers to make use of the 
generic designation Cyclopteris, In the third edition of Phillips' 
" Illustrations of the Geology of Yorkshire " an inferior woodcut 
is given of Bunbury's species*. Saporta' figures several English 
examples of Baiera gra/yilis, and holds the view that the genus 
Baiera is closely allied to Ginkgo, The association of seeds and 
flowers with certain forms of Baiera, shows that at all events 
some species must be assigned to the Oymnosperms; it may, 
perhaps, be found that some of the dichotomously forked Jurassic 
leaves present a close resemblance to the recent Cycadean genus 
Macrozamia. In the Boyal Gardens, Kew, there are some plants 

^ Zeiller loc, Ht. PI. xiv. 

• Loc. ciU p. 360. 

» Flor. foss. OoUth. Vol. 1. 1856, p. 104. 

* p. 199. 

« Pal. Franp. Plantes Jurassiques, Vol. m. 1884, p. 277, PL dvii fig. 4 and PI. 
clviii. figs. 1 — 3. 
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of Macrozamia heteromera with divided leaves which suggest a 
comparison with such fossil forms as occur in the genus Bcdera. 
I do not wish to imply that we have at present any grounds for 
emphasizing such resemblances, but would merely draw attention 
to the existence of somewhat similar leaves among recent Cycads. 

Dictyopteris obliqua Bunb. (~ D. BroTigniarti Gutb.). 
Quart. Joum. Geol. Soc., Vol. m. 1847, p. 427, PL xxL, fig. 2. 

Gape Breton, Nova Scotia. Coal-Mea^sures. 

Bunbury describes the detached pinnules of this fern as " ob- 
long, very obtuse, slightly convex, usually more or less curved, 
and sometimes in a remarkable degree; at the base they are 
oblique and slightly cordate, and evidently were attached to the 
stalk at one point only, as in Neuropteris, The midrib is very 
faint, often obsolete, and always vanishing far below the ex- 
tremity of the leaflet ; the lateral veins prominent and strongly 
marked, forming a regular and beautiful network with small 
meshes, which are longest and narrowest near the middle of the 
leaflet, becoming shorter and rounder towards the margins/' The 
author of the species suggests that possibly these pinnules may 
be identical with Dictyopteris Brongniarti Qutb. On the whole 
I agree with Eidston^ that it would be better to include 
Bunbury's species as a synonym of D. Brongniarti. Zeiller* 
has recently figured some detached Dictyopteris pinnules which 
he does not refer to any species; they appear to be practically 
identical with those described by Bunbury. 

Figured specimens other than types of species. 

Neuropteris in circinate vernation. 

Quart Journ. Geol. Soc, Vol. xiv. 1858, p. 243. 

The figure of what Bunbury considered, and probably correctly, 
to be a young frond of Neuropteris gigantea Sternb. hardly does 
justice to the beautifully preserved specimen from the Oldham 
Coal-Measures. The hairs on the rachis mentioned in the de- 
scription are not obvious, but it is reasonable to suppose that 
such were actually present. The figure shows an apparently 
shaded structure at right angles to the frond tip ; this is merely 
a firactured surface in the stone. 

After describing this example of circinate vernation, Bunbury 
proceeds to discuss the affinities of Neuropteris; the following 
remarks are worth quoting as being in close agreement with the 
views of the late Dr Stur. "It is certainly not very easy to 



1 Cat. Pal. plants, B. M. 1886, p. 103. 

> BasB. hooiU. et Perm. Briye. 1892, p. 47, PI. iz. fig. 2. 
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prove positively that the Neuropterids may not belong to that 
family " (i.e. Gycadece), And further on : — *' I shall not be sur- 
prised to find that the Neuropterids differ considerably in their 
real affinity from those recent ferns to which they have most 
likeness in outline and veining^." 

Neuropterls cordata, Brong. (Bunbury's specimens referred 
to Brongniart's species must be removed to JV". Scheuclizeri Hoff.) 

Quart. Joum. Geol. Soc., Vol. ill. 1847, p. 423, PL xxi. fig. 1. 

Cape Breton, Nova Scotia. Goal-Meamres. 

Bunbury's specimens of this species no doubt represent the 
same plant as that figured by Lesquereux* as Neuropteris hirsvta. 
Kidston* includes N, hirsuta Lesq. as a synonym of N, Scheuchzeri 
Brong. The hairs on the surface of the pinnules are shown very 
clearly in Bunbury's specimens. 

Bunbury figures a pinnule which he describes as presenting 
'' appearances somewhat resembling ftnctification " ; but, he adds, 
they may be due to some disease of the parenchyma or to a 
fungus. The figures represent fairly accurately the appearances 
in question ; they have the form of elliptical depressions between 
the veins of the pinnule; each pit is surrounded by a slightly 
raised rim. 

Exactly similar marks have been figured by Fontaine and 
White*; these authors compare the oval depressions to the sori 
and indusia of Scolopendrium. The position of these pits be- 
tween the veins as shown by the figures of Bunbury and Fontaine 
and White, is scarcely consistent with the idea of sori. 

In any case, in the absence of all structure and detail, we 
can only say that if the marks are really traces of fructification 
they throw little or no light on the taxonomic position of the 
species. 

There is no evidence whatever to warrant the assumption 
that we have to do with fern sori, and we are still in the dark 
as to the nature of the sporophylls of this form of Neuropteris. 

Kidston' has shown that the fern pinnae figured by Bunbury 
as N, cordala must be referred to Hoffmann's species N. Scheuch- 
zeri, The same writer expresses his belief that the so-called sori 
of Bunbury, and Fontaine and White are simply the result of 
fungal parasitism. 

1 Q. J. G. S. Vol. XIV. 1858, p. 245. 

« Geol. PennBylvania 1858, PI. iii. Also Second Geol. Surv. Penn. 1880, Vol. L 
p. 88, PI. viii. fig. 1. 

> Trans. B. Soc. Edinburgh, Vol. xxzin. p. 356. (It should be noted that 
Eidston in this paper, p. 359, corrects an opinion expressed by him in his Cat. 
PaliBozoic plants.) 

^ Second Geol. Surv. Penn. Bep. Progress P. P. 1880, p. 47, PI. viii. figs. 7 and 8. 

^ Trans. B. Soc. Edinburgh, Vol. xxxm. p. 151. 
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Pecopterli exilis Phill. [= KluJda exilis (Phill).]. 

Quart. Journ. Geol. Soc, Vol. Vll. 1851, p. 188, PL xiii. fig. 5. 

In 1829 Phillips^ described this species of fern from the 
Upper Sandstones and Shales of the Yorkshire coast ; his figure 
shows two fertile pinnae which afford but a poor idea of the actual 
plant. The pinnules are described as " marked with round 
swellings over the seed vessels." 

Bunbury gives a figure of a single sterile pinnule, and another 
showing sporangia on the under surface of a fertile segment ; he 
describes the sporangia as not in sori, but singly in regular rows 
on each side of the midrib. He speaks of the sporangia as large 
in proportion to the size of the leaflet, of an ovate and spherical 
form, with regular striae radiating from a central point ; they are 
compared with those of Schizacece, and especially with the spo- 
rangia of Anemia and Mohria. Among fossil forms Senftenbergia 
presents the closest resemblance, but its sporangia differ in having 
apical rings of two layers instead of one. 

Solms-Laubach*, in referring to Senftenbergia and Bunbury's 
description of the fertile specimen of Pecopteris exilis, suggests 
the desirability of a re-examination of the latter. More recently 
Braciborski* has made an exceedingly important contribution to 
our botanical knowledge of Mesozoic ferns. He describes several 
specimens of fertile fern fronds from Jurassic strata in the neigh- 
bourhood of Cracow, and Pecopteris exilis is discussed at some 
length as a Jurassic representative of the Schizacece. 

Baciborski points out that Bunbury was the first to give any 
accurate account of the sporangia of Phillips' species; but ap- 
parently Schimper and some other palaeobotanists have overlooked 
Bunbury's paper. 

Several fertile segments of this species have been found in 
the Cracow beds*, and an examination of the sporangia enables 
Kaciborski to confirm the description of the English specimen, 
as well as its inclusion in the family Schizacece, As our know- 
ledge of the fructification of fossil ferns gradually increases, we 
are able to dispense with such provisional generic terms as Peco- 
pteris, Sphenopteris, &c., and are in a position to institute new 
names expressive of some definite botanical affinity. 

In the case of Pecopteris exilis Baciborski has proposed a 
new genus Klukia, to be included with Anemia and others in 
the Schizacece, The introduction of a new term is usually to 
be avoided, especially in a subject like fossil botany, which is 
hopelessly overloaded with synonym lists; but in cases where 

^ most. Qeol. Torks. 1829, PI. viii. fig. 16. 
a Fossil Botany, p. 162. 
» Bot. Jahrb. (Engler) Vol. xiii. 1890, p. 1. 
* Ibid. PI. i. figs. 17—19. 
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oar knowledge has been definitely advanced, and we are able 
to transfer a fossil fern from a purely provisional genus to a 
definite taxonomic position, it is UDdoubtedly wise to mark such 
advance by the institution of a new term. 

It is fortunate that Raciborski has chosen a new generic title 
and has not attempted to include the Jurassic species in any 
existing Schizaceous genus. Nothing is more misleading than 
the utterly unscientific and unjusti&ible use of recent generic 
names for fossil specimens which present some superficial re- 
semblance to living forms, but which afford no trustworthy 
evidence as to their connection with any existing genus or even 
&mily. 

Bunbury's specimen shows portions of four pinnae attached 
to a rachis, and one more clearly preserved detached pinna ; the 
latter is represented, natural size, in fig. 5, the small dots on 
the pinnules show the position of partially developed sporangia 
which are visible on the upper surface. 

In fig. 4 we have a slightly magnified (x 3) drawing of the 
under surface of a fertile pinnule with fully developed sporangia ; 








Elukia xzilis (PhiU). 
Fig. 1—3 X 40. Fig. 4 X 3. Fig. 5, nai size. 

there appear to be five in each row, and the sporangia show more 
or less distinctly the characteristic apical annulus. In some of 
the pinnules the sporangia have a clearly marked line along which 
longitudinal dehiscence has taken place. 

The detailed structure of the sporangia is shown in figs. 1 — 3 
(x 40). In fig. 1 we have an apical view of a sporangium showing 
about fourteen cells in the annulus ; at the apex there is a slight 
central depression, which was no doubt originally occupied by 
thin walled cells as in the recent Anemia\ Fig. 2 presents a 

^ See Luerssen, Gnmdzuge der Botanik 1885, p. 819, fig. 170. 
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still clearer view of the annulus^ and what appears to be an indica- 
tion of longitudinal splitting. 

In some cases, e.g. fig. 1, there are faint indications of the 
waUs of the sporangial cells below the annulus. 

Fig. 3 shows very clearly a gaping longitudinal slit which 
stands out conspicuously owing to the filling up of the sporangial 
cavity by light-coloured sandy material. On the whole the 
sporangia agree very closely with those of Anemia; they are 
slightly broader in proportion to their length than in the recent 
genus, but not so nearly spherical as in Mohria^\ and in the 
latter the annulus ceUs are less clearly differentiated from the 
thinner walled cells of the sporangium wall*. 

The characters of the fossil sporangia correspond to those 
described by Baciborski in the Cracow specimens. 

At present I will content myself with this confirmation of 
Bunbury*s surmise 'as to the systematic position of Phillips' 
Pecopteris exilis; on another occasion I hope to discuss the 
difiScult question of the relation between such forms as Klvkia 
earilis (PhilL), Pecopteris ohtusifolia L. and H., Sphenopteris 
serrata L. and H., P. exUiforToe as figured by Geyler from Japan^ 
P. exilis as represented by Yokoyama from the same country, 
and the Wealden species Cladophebis Dunkeri (Schimp.). 

I desire to express my thanks to Miss Dorothea F. M. Pertz 
for contributing the sketches which were utilised by Mr Wilson 
in his preparation of the woodblock. 



(4j) Note on the Liver Ferment. By Miss M. 0. Tebb. 

By extraction with glycerin Claude Bernard ' obtained from 
liver a ferment which converted glycogen to sugar, but the 
properties of this sugar were not described. Miss Eves* ex- 
tracted from liver a ferment which was active on starch and 
glycogen, but she states that the product of action was certainly 
not dextrose, but a sugar of less reducing power, and she considers 
it very probable that she was dealing with the ordinary amylolytic 
ferment, converting starch and glycogen to maltose, and obtainable 
from most tissues of the body. 

In the present research pig's liver was rapidly dried at 
35° — 40° C. and finely shredded, and the sugar present initially 
was removed by dialysis. It was found that this dried liver 
produced dextrose when allowed to act on starch or glycogen, 

1 See Hooker, Gen. Filicum 1842, PI. civ. B. 

^ Cf. Trochopteria elegans as regards the arrangement of the sporangia, 
Hooker, loc. ciU PI. civ. A. 

* Comptes Bendns 1877, T. lzxxv. p. 519. 
« Journal of Physiology, 1884, Vol. v, p. 342. 
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and this whether the blood was previously washed out of the liver 
or not. Several experiments were performed, of which the following 
is an example : 10 grammes of aried liver, free from blood and 
sugar, was allowed to act on a solution of glycogen for 22 hours at 
25 C. The sugar produced was removed by dialysis, and on 
adding phenyl nydrazin to a portion of the dialysate, typical 
crystals of phenyl glucosazone were formed. The reducing power 
of another portion was estimated, and after boiling the solution 
with 2*/o hydrochloric acid for 30 minutes, the reducing power was 
found to have increased but slightly — ^in the ratio 65 to 68 — which 
change is probably due to the presence of dextrin, with or without 
maltose. 

Extracts were made by soaking the dried tissue in 57o sodium 
sulphate, the sugar initially present being subsequently removed 
by dialysis, and these were found to be active in the same way. 

Also an extract was made from fresh liver; and this was found 
to produce dextrose from starch, but no experiment was made with 
glycogen. In most of the experiments digestion was allowed to 
go on at 37° C. for about 20 hours, though sometimes for not 
more than 4 hours; and the resulting sugar was in some cases 
removed by extraction with alcohol instead of by dialysis. 

Digestion was always carried on in neutral or faintly alkaline 
media, and antiseptics, usually chloroform, were used throughout. 

In all cases, whether an extract or the dried tissue itself was 
used, the product of the action on starch or glycogen always gave 
crystals of phenyl glucosazone with phenyl hydrazin, and the 
reducing power increased only slightly on boiling with acid ; hence 
the conclusion is drawn that one product of the action is dextrose ; 
and, as far as they have gone, the experiments with fresh liver have 
yielded the same result. 



AprU 30, 1894. 

Prop. T. McK. Hughes, President, in the Chair. 

D. B. Mair, B.A., Fellow of Christ's College, R. H. D. Mayall, 
B.A., Sidney Sussex College, and H. C. Pocklington, B.A., St John's 
College, were elected Fellows of the Society. 

The following Communications were made to the Society : 

(1) The modifications of FresneVs optical laws, that would 
apply to circumstances of magnetic as well as electric aeolotropy. 
By Mr J. Larmor. 
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(2) On the Application of the Theory of Matrices to the Dis- 
cussion of Linear Differential Equations with Constant Coefficients. 
By J. Brill, M.A., St John's College. 

1. Let p and q stand for the two matrices 

^^' i^ and «»' ^« 
Then we have the three identities: 

If we now form the identical equation satisfied by the matrix 
x + py -^ qZy we shall obtain 

(x+py + qzy - (2a? + y (a^ + S^) •\-z(a^ + S,)} (x +py + qz) 

+ {x + a^y + a^)(a? + S,y + S^) - (/S^y + fi^z){y^y + y^) = 0, 

which may be written in the form 

{''X-^(p-a^'-S^)y + (q-a^-B^z]{x+py + qz) 

+ ^ + (a A - )8,7,) y» + (a^S, - /S.y,) ^ 

+ (a,S, + a,8, - ^j7, - ^,7^) y^ + (a, + S,) zx + (a, + S,) xy = 0. 

Thus we see that the theory of matrices will enable us to 
resolve the result of the multiplication of the matrix unity by a 
scalar ternary quadric into linear factors. In fact, we have 

cw^ + 6y* + cs? -{- fyz •\- gzx + hxy 

^{ax'¥(h-ap)y'\-{g-aq)z]{x'\-py'\'qz), 

where p and q identically satisfy the three equations 

ap^ — hp + b^: 0, 

a^ -gq + c =0, 

a{pq + qp)'-gp''hq+f=0. 

It is further to be remarked that these two factors are com- 
mutative. 

The above result enables us to replace the operator 



da? 9y* 3^ •' dydz ^ dzdx dxdy 
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by its equivalent 

' Any matrical function of x, y, z, which is made to vanish by 
either of the two linear operators, may be considered as a matrical 
solution of the equation . 

a^ + b — + c— f—+ -^ + A — = 
da^ dy* dz* '' dydz ^ dzdx dxdy 

2. Let \p \ be the latent roots of the matrix m, then the 
identical equation satisfied by the matrix may be expressed in 
the form 

m^-m (\ + X^ + X,\ = 0. 

Differentiating, we have 
m . dm + din.m- dm (\ + X,) — m (d\ + d\^ + \d\ + \d\ = 0. 

We will now assume 

dm = ^ d\ + r -^ d\ + do). 

Substituting this value for dm in the above equation, we 
obtain 

(2m-\-Xji^J^»dX, + ^*— ^*(ixi + (m-\^ 

(\ — \ Xj — \j J 

+ da) .m — {m — \) d\^ — (m — X^) dX, = 0, 
which reduces to 

2 (m - \)(m — X,) -^-^ — r— * + (m — Xj — X^ dft) + dft) . m = 0. 

The first term of this equation vanishes by virtue of the 
identical equation satisfied by m, and consequently the equation 
reduces to 

(m -^ Xj — Xj) do) + dtt) . m = 0, 

which may also be written in the form 

m. d(0 ,m = XjXjd®. 

It is not necessary for our present purposes to find the general 
value of dm which satisfies this equation, it will be sufficient to 
note that a particular solution is do) =^ 0. 

Making this assumption, which is equivalent to assuming that 
dm shall be commutative with m, we have 

dm = - 7*d\ + T r*dX, (1), 

A,j ^ A»j A^ ^ A»j 



1894.] I)i8(m8sion of Linear IHffermtial Eqiuitions, 203 

which is equivalent to 

2m — A., — X, 
or — r — *r — - = const 

Now if /(x) be any scalar function which may be expanded 
in powers of a?, we may, by substituting m for x, obtain a matrical 
function which may be spoken of as framed on the model of the 
scalar function f(x). Writing /(m) for this matrical function, 
we have by Sylvester's Interpolation Theorem 

DifiFerentiating this, we obtain 
d .f(m) = ^ _^^* /(X.) + ^ _ ' /(AO 

If we assume for dm the value given by equation (1), then it 
is easily proved that the earlier part of the expression for d./(m) 
vanishes, and the above equation reduces to 

But, multiplying equation (1) by m — \, we have, in virtue of 
the identical equation satisfied by m, 



dm . (m - \j) = ^ ^ *^ d\ 



_ m* — 2X.,m + X,' 



\-\ "^^ 



_(\-\)(^-\) 



K - X. ^"' 



(iX 

'I '"8 

= (w-X,)dXj, 
or (dm — d\) (m — X,) = 0. 

Similarly we shall obtain 

{dm — d\)(m — X^) = 0. 
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Therefore, we have 

d./(m) = (im.|^/'(\) + ^^/'(X^} 

= dm./'(m), 

where /' (m) is the matrical function framed on the model of the 
scalar function/' (x). 

Supposing m to vary only as depending on the three scalar 
variables x, y, z, we may write the above equation in the form 

This being true for all possible values of the ratios dxidy i dz, 
we see that the equation resolves itself into the three 

Thus if we write 

we have A/^(^) = ^^ •/' (^)« 

Hence if m be such that 

^ ' — ^ = const., and A7/i = 0, 

\ — \ 

then we have also A/'(m) = 0. 

3. If we write 

u — y—px, v^z — qx, 

then we have Au = 0, and Av = 0. Further, writing m= ^u + rjv^ 
where f and 17 are scalar constants, we have Am = 0. 

If \ and \ be the latent roots of m, we have 
\ + \ = 2 (fy + vz) - ^(Af +M 

CI' 
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Therefore 

a 

and (X, - \y =^, {m + gf,y - 4a (if + ov' +f^)}. 

Consequently 

2ot-(X. + \,) ^ (A - 2a;)) + 1? (gf - 2ag) 

\-\ m + 9vf - 4a (i.'* + CI?" +y?i7)}» 

= const. 

Thus we have ^f(m) = 0. 

We see, therefore, that for the solution of the equation Aw = 
we may write 

a a 

w = e ^^ ^i.F(lfj), 
where jF(f, 17) = ^ +5f +09;H-^(i)f -+-2^f9; + J?^') 

+ 1", (Q^r.+ SJIfi; + SK^' + Zi;») + &c., 

the coefficients A, B, C, &c. being matrices. 

We will now expand the operative symbol, and make f and 17 
zero after the operations have been performed. The only term 

which gives any value when operated upon by ^^^^ ^ is, leaving 
out the matrical coefficient, 

{r + s)\' r\s\ ^^ r\s\^^' 

This is reduced to unity by the said operation. Also, the coeffi- 

cient of ^^.^g in the expansion of the operating symbol contains 

the sum of all the products that can be formed involving u and v 
respectively r and s times. Thus we shall finally obtam as our 
solution 

w = A+uB-^vC'\-Y^ [u^D + ( w + w) j^ + 'i^F] 

+ of [u^O-\-{u\-\-uvu + w") H 
+ {wt? -Vvuv-\- v^u)K + v^L} + &c. 
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Further, we have 

where ^ and tf have to be made to vanish after the operations have 
been performed. Thus we shall have an equation of the form 

dw = du. U+ dv . V, 

where U and V are formed from dF/d^ and dF/drj in the same 
manner as w is formed from F (f , 17). 

4. It can be proved that the sum of all the products involving 
u and V respectively r and 8 times can be expressed in the form 

where k^, k^, k^ are scalars; or, substituting for u and v their 
values, in the form 

*4 f hp + ktq. 

Further, the matrical coefficients, A, B, G, &c., can each be 
expressed in the form 

where L, I , L, L are scalars. Thus our fimction w may be ex- 
pressed m the form 

T+Xp + 7q + Zpq, 

where X, Y, Z, T are scalar functions of a?, y, z. Hence, if we 
write 



dx* 3y* d2^ '^ dydz ^ dzdoo dxdy * 
we have 

VT + VX.p + VY.q + VZ.pq^O, 

from which we may conclude that 

Vr=VX = VF=VZ=0, 

provided that the determinant 



1. 


«1. 


«,. "A + ^.7, 


0. 


B,> 


^«> ""A + ^A 


0, 


7.. 


7,. 7,«, + Si7. 


1, 


8.. 


8.. 7A+SA 
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does not vanish. Rejecting this special case, we see that X, Y, 
Z, T are solutions of the differential equation mentioned in 
Art. 1. 

Writing out the equation ^w = at full length, and making 
use of the equations satisfied by p and q, we obtain 

.ay ,ax .dx ar , dz 

ox oy oz oz oz 

f (dT dX\ ,dx dx dZ] 
, f ./ar 3r\ ,dx ar ,dz ,, ..dz\ 
f idY dX dz\ ,dz\ ^ 

which furnishes us with four linear relations connecting the first 
differential coeflScients of X, F, Z, T, 

5. Proceeding in the same manner as in Art. 1, we obtain the 
result 

K^i + (/i,i-a,i>,)^.+ - 

+ (/i. • - ai2>«-,) ^nl K + p,«, + . . . +p^i x^) 

= 2a,V+2/:..^,a;. (2), 

where the ^'s satisfy n — 1 equations of the form 

and J(n — 1) (» — 2) equations of the form 

Further, if we write 

J ._ a . a . a 



aaj, '-^'aar, ••'"■^-•a«,' 

we have 

— ^ ' — *^ = const., Am = 0. 

A,, — A, 

It is therefore possible to develope a theory exactly similar to 
that we have constructed for the case of three variables 
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It has now to be remarked that in the case of more than four 
variables there will be relations among the coefficients of the 
expression on the right-hand side of equation (2), the case of 
five variables introducing a single relation. In these cases the 
equations given above furnish us with the laws obeyed by a set 
of non-commutative symbols which will enable us to factorize 
the given expression, as may be verified by the direct multiplica- 
tion of the &ctors given above ; but it is only in special cases, 
where relations exist among the coefficients, that these symbols 
can be identified with matrices of the second order. This, how- 
ever, will not affect the validity of our theory. We have, in fact, 
hit upon a generalization of the theory of matrices of the second 
order. It is easily verified that any expression of the form 

X,+p,X^+p,X,+ +i>,_j-a^., 

where the X's are ordinary algebraical quantities, satisfies an 
equation of the second degree with scalar coefficients, so that the 
theory of articles 2 and 3 will apply. The only difference occurs 
in the derivation of a set of scalar solutions from the solution 
involving non-commutative symbols. In the case of more than 
four variables, we have more than four scalar solutions. However, 
as the full discussion of this point would make the present com- 
munication too lengthy, I have reserved it for another paper. 

6. It now only remains to point out the application of the 
foregoing theory to several of the equations that occur in the 
application of Mathematics to Physics. 

As particular examples of the case we have worked out in 
full, we have the equations 

I have given the theory for Laplace's Equation in a former 
communication to the Society*. To adapt the foregoing theory 
to the case of the second equation we must write 

u^os—pt, v = y — qt, 

where the matrices p and q satisfy the equations 

p* = a\ q* = a*, pq + qp = 0. 

Also for the linear relations connecting the differential coefficients 

♦ Proe. C. P. S., Tii., 161—156. See also vii., 120—126. 
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of the four scalar solutions obtained from the matrical solution, 
we have 

— +— -a»— =0 

dx dt dy * 

dY^dX dZ ^^ 
dx dy dt 

Another equation that may be discussed with the aid of the 
theory as applied to three variables, is the equation 

dt^^ dx'' 

We have 

aV ^ ty = a* (x -pt - qy)(x +pt + qy), 

where p and q satisfy the equations 

Putting y = 1, we have 

aV — t = a*(x—pt^q)(x-\-pt-\- q), 
and consequently 

,9" 9 a/9 9 \/9 9 \ 

^9^"9^"^ kx-Pm'^lKd-x^Pdi'^V' 

To adapt our theory to this case we have, therefore, to write 

u = t — px, v^l — qx. 

Also, in this case, the four solutions will be connected by 
the linear relations 

^dT . «. ^ dT dX ^ 

dt ^da> '^-^' 

VOL. VIII. FT. ni. 15 
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Proceeding to the case of four variables, we have the equation 

In this case we shall have for our matrical solution a function 
of the form 

A+uB-^-nC^wD 

+ ^ {u'j& + t;"-P+ w*0 + (vw + wv)H + {vm + uw)K + (uv + vu)L] 

£i I 

+ ^ (w'if + t/'JV + v?F + ia^'iio + VWHi + t£w') + &c.} + &c., 

o! 

where u^x—pt, v = y — qty w = z — rty 

p, q, r being matrices satisfjdng the equations 

/>' = g' = r^ = a", 

qr-Vrq — rp +pr = pq + qp = 0. 

By means of the theory as applied to four variables we may 
also discuss the equation 

dd 






dt \da^ • dy' 

In this case we must write 

u = y —px, v = t — qx, w = l — rx, 
where p, g, r satisfy the equations 

p' = -l, ?' = r^ = 0, 

1 
qr + rq = -iy rp+pr = pq + qp = 0. 

Finally we have the equation 

dt'"^ W'^df'^dz')' 

In this case we shall have for our solution a function of the 
above type constructed with the four compound variables 

y—px, z — qx, t — rx, l — sx, 

where the symbols p, g, r, 8 obey the laws expressed by the 
equations 

p» = g' = -l, r* = s» = 0, 

pq + qp =pr + rp =^ps + sp = qr + rq = q8 + 8q = 0, 

1 

r8 + ar = -s, 
a 

In this case our non-commutative symbols cannot be identified 
with matrices. 
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May 14, 1894. 

The Master of Downing College, Vice-President, 

IN THE Chair. 

F. F. Blackman, B.A., St John's College, was elected a Fellow 
of the Society. 

The following Communications were made to the Society : 

(1) Mr S. J. HiCKSON exhibited a specimen of Chelifer from 
Celebes shewing a remarkable sense-organ on the coxae of the 
last legs. 

(2) Notes on a Dog's Heart infested with Filaria immitis. 
By Arthub E. Shipley, M.A. 

The specimen which I have the honour of showing the Society 
this evening is the heart of a large dog of unknown breed which 
was sent to the Pathological Museum from Fiji, and I am indebted 
to the kindness of Sir George Humphry for the opportunity of 
investigating it. 

The right ventricle is literally stuffed with a tangled mass 
of Nematode worms, which extend into the pulmonary arteries 
and project from the cut ends of the smaller pulmonary vessels. 
To such an extent are the lumina of the ventricle and the vessels 
occluded that it seems impossible to realize that the dog lived any 
time with so great an obstruction to its circulation. 

The Nematodes which I believe belong to the species Filaria 
immitis, often termed the "cruel worms," are so matted and twisted 
together that it was a matter of considerable difficulty to dis- 
entangle a specimen; more especially as I was anxious not to 
derange the mass, as the heart is destined to become a museum 
preparation. With some difficulty however I managed to with- 
draw a single female from the cluster, and this proved to be 
26 cms. in length. The males which live along with the females 
are about half the length, varying from 12 to 16 cms. According 
to M^guin (9) there is about one male to three females ; but this 
proportion is not very accurately determined, as he refrained, 
for the same reason that deterred me, from pulling the cluster 
to pieces. 

The parasite was named by Leidy (6) and is the same as the 
Filaria papillosa haematica of Gruby and Delafond (4) or the 
Filaria haematica of Galeb and Pourquier (2). It attacks various 
breeds of dogs and sometimes causes a wide-spread mortality : for 
instance, a certain Mrs Towne of Beaufort, South Carolina, states 
(6) that she " lost several dogs of different breed, age and birth- 
place," whilst " a gentleman living in a neighbouring island (the 

15—2 
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Sea islands of South CaroUnti) lost over thirty huatiog dogs in two 
or three years" from the same cause. 

The disease seems to be most oommoD in CbiuA and Japan, 
but it is also recorded in Brazil by Dr Silva Aranjo (1), and two 
cases have been described in France, one at Montpellier by Galeb 
and Pourquier (2), and the other by Gruby and Delafond (4) : the 
present example comes from Fiji The parasite has recently been 
described by Janson (5) in the heart of a Japanese wolf, the only 
instance on record of \\s occurrence in any other animal than 
ad(w. 

Most of the investigators who have recently worked at this 
parasite have sought for some connection between the adult 
worms found living in the right half of the heart and the large 
pulmonary vessels, and the minnte nematode larvae found so 
commonly in the blood of the dog. These Haematozoa are of such 
minute size as to be able to freely circulate in the capillary blood- 
vessels ; they were first described by Dr Lewis, who found them in 
about 25 per cent, of the dogs examined by him in Calcutta (8). 




Fig. A. View of tbe heart of & Dog infested with Fiiaria immftii, the right 
veDtricle aad base of the palmoDory artery have been laid open, a, aorta, h. pal- 
monai; arterieii. e, Tena cava, d, right ventriole. e, appendix of left ventnole. 
/, appendix of right anride. x ^ 

n the heart, to show its 
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There seems to be however no doubt according to the researches 
of Grassi (3) that the Haematozoa of Lewis have their second 
host in the dog-flea, PuUx serraticeps, and have nothing to do 
w^ith the larvae of the F. immitis, although they closely resemble 
them. The former have a curious habit of hanging themselves by 
means of their oral aperture on to the cover slips or glass slides, and 
at the same time swelling out their anterior end : by this habit 
they can be easily distinguished from the embryos of F. im/mitis. 
These are also invariably much more numerous in the blood of the 
dog than the Haematozoa of Lewis. Grassi found the embryos 
of F. immitis in three dogs which he dissected in Milan, and in 
two of which he found the heart full of adult Filariae ; the third 
owing to an accident he was unable to examine. Two others 
-which he was able to dissect later had embryos in the blood, 
adults in the heart, and more fully developed embryos under the 
skin: at the same time he investigated more than 300 fleas 
gathered from the dogs he had killed and dissected, but found 
no evidence that they formed the second host of this parasite as 
was at one time thought 

Galeb and Pourquier (2) found the same embryos in the blood 
of a gravid bitch whose heart was full of the adults ; they also 
found similar embryos in the blood of the foetal puppies, and 
satisfied themselves that the latter were infected from the 
mother, and that the embryos pass from the blood-vessels of 
the uterine walls into those of the foetus. 

Grassi's researches render it highly improbable that the flea is 
the second host of F, immitis, and he points out that the parasite 
occurs only in such districts as are very well supplied with 
streams, marshes etc. ; and further that the parasite is most 
common in such dogs as are used for sport, and which habitually 
drink water from marshes, ditches and streams, and he concludes 
from this that we must look for the second host of F. immitis 
amongst the small freshwater Crustaceans or Molluscs. 

It is obvious that the presence of such a mass of worms in the 
heart and lai'ge vessels, as our specimen shows, must be accom- 
panied by very serious functional disturbance of the circulatory 
system, which must ultimately end in the death of the host. The 
symptoms which the presence of the parasite call forth are thus 
described by Mrs Towne (6) : " I watched my two remaining dogs 
closely. They were a large Newfoundland (mixed) and a small 
terrier. Both had the peculiar cough, which was excited by any 
movement, especially after sleeping. It always ended, after a few 
coughs, in a violent eflfort to bring something up from the throat. 

The two dogs had another symptom, when they began to 

run violently, as at hogs, or a strange dog, they fell down, became 
stiff* and insensible, but in a short time would get up and resume 
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the chase.*' " The little dog died of haemorrhage from the bladder 
or kidneys ; but no post mortem examination was made." 

'* The large dog soon began to cough up bloody phlegm, with 
considerable fresh blood at times. I found in the phlegm one 

morning .two Filariae alive, and at least six inches long My 

large dog grew so ill that I had him shot. His symptoms were 
drowsiness, sleeping with the upper eyelids raised, and the inner 
lining showing very red, holding his head to one side, one ear 
drooped; dragging of one hind leg, turning round and round 
whenever he attempted to go anywhere; and finally spasms, in 
which he rolled over and over and drew his head backward. He 
was fat and had a good appetite to the last." 

The heart which Mdguin described (9) was that of a New- 
foundland dog sent to him from China, preserved in spirit He 
states that the animal succumbed with every symptom of serious 
cardiac disorder, and that before death it suffered from palpita- 
tions and fits resembling epilepsy. 

List of Papers referred to. 
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Bakteriologie u. Fa/rasitenkunde, Bd. iv. p. 608. 
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5. Janson. Berl, Tierdrztl. Wochenschr,, 1892, No. 29, v. GerUra- 
Ihlattfur Bakteriologie u. Parasitenkundey Bd. xiv. 1893, p. 499. 
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phiay 1856, p. 55. 

7. Leidy, Prof. Notice of the Cruel Thread- worm, Filaria umnitis 
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8. Lewis, Dr. On Filaria sanguinolenta, Echinorhyncus etc., from 
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9. M^guin, P. M^moire sur les H^matozoaires du Chien. Journal 
de r Anatomic et de Physiologic, 19me Ann6e, 1883, p. 172. 

• 

(3) Variations in the Lai^va o/ Asterina gibbosa. By E. W. 
MacBride, B.A., Fellow of St John*s College. 

The larva of Asterina gibbosa, when fully grown, but before 
any external traces of the metamorphosis are visible, presents the 
following features, in longitudinal, horizontal sections, viz. : there 
is a great prseoral lobe ; the gut is a simple elongated sac devoid 
of an anus, but with a mouth opening into it through a vertically 
placed oesophagus. At the level of the oesophagus a transverse 
septum divides the body cavity into an anterior portion, filling 
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the prseoral lobe, and a right and left posterior portion; these 

latter being separated by the gut and the dorsal and ventral 

mesenteries, in which the alimentary canal is suspended. The 

anterior coelom is prolonged right and left into two diverticula 

which overlap the right and left posterior coeloms respectively. 

Of these the left has already become five-lobed, and is the 

rudiment of the water- vascular ring and radial canals in the adult. 

It opens by a slightly constricted neck into the anterior coelom, 

and a ciliated groove which has been constricted oflF from this 

neck, is the future stone-canal. The right diverticulum is, as we 

shall see, a rudimentary fellow to the water-vascular system. Its 

v^alls are continuous with those of the anterior coelom, but its 

cavity, though occasionally opening into the anterior coelom by a 

very fine slit, is usually completely closed. It persists throughout 

life as a completely closed sac, embedded in the madreporic plate. 

The stone-canal does not open to the exterior ; it only leads from 

the water-vascular rudiment, or " hydrocoele," ioto the anterior 

coelom ; the latter, however, opens to the exterior through a short 

ciliated " pore-canal," the outer aperture of which, situated at first 

to the left of the mid-dorsal line, is as the larva grows displaced 

to the right. This pore-canal is the first of the numerous canals 

which traverse the madreporite of the adult, and the anterior 

coelom persists in part as the axial sinus of the adult. The 

variations which I wish to describe concern chiefly the right 

" hydrocoele." Its normal appearance is that of a completely 

closed sac lined by a flattened epithelium. In two specimens I 

have found it two-lobed, these lobes having the shape and 

cylindrical epithelium characteristic of the lobes of the left hydro- 

ccele. In both cases it opens by a narrow slit into the anterior 

enterocoele, and the stone-canal and madreporic pore are normal. 

In another specimen it is large and five-lobed, better developed 
in every way than its left fellow, differing only in its slightly 
more dorsal position, and its narrower communication with the 
anterior enterocoele. In this specimen, owing no doubt to the 
development of the organs of the right side being equal that on 
the left, the pore is median. 

In another and very remarkable specimen the right hydrocoele 
was represented by two rudiments, one more dorsally situated and 
one more ventral. The more dorsal rudiment has the ordinary 
appearance, and it opens by a slit into the anterior coelom. This 
latter possesses close to this opening a second pore-canal, much 
smaller than the first or normal pore-canal, which is in its normal 
position. The more ventral rudiment consists of two lobes having 
the distinct hydrocoele structure and opening into the anterior 
coelom also. 

The metamorphosis of the larva is brought about by three 
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processes. (1) The differentiation of the body into a disc and a 
stalk, and the absorption of the latter. (2) The growth of the left 
hydrocoele till its two ends meet and it forms a ring. (3) The 
similar growth of the left posterior coelom to form a ring, this giving 
off at the same time five diverticula, which form the future arms 
and become applied to the primary lobes of the hydrocoele which 
form the radial canals of the water-vascular systenL Now it will 
be easily seen that process (2), and with it the whole metamor- 
phoses, can be held in check by the right hydrocoele developing 
more than usual. In the very remarkable specimen which I now 
describe the process (1) is almost complete, so that I took the 
animal for a starfish, the metamorphosis of which was concluded. 
Sections however revealed the fact that the ends of the left 
hydrocoele had not met, but were in fact prevented from doing so 
by the right hydrocoele, which was large, with three distinct lobes. 
There was a single pore-canal, but two stone-canals, one opening 
into each hydrocoele, and meeting above close to the inner end of 
the pore. Another specimen showed just the reverse of this, viz. : 
two pore canals on opposite sides of the body, joining and opening 
by a common pore close to the inner end of the single stone- 
canal opening into the left hydrocoele. In another case the 
metamorphosis was complete, and the right hydrocoele was a thin 
walled sac. A second short stone-canal connected it with the 
anterior coelom, and a second pore-canal also opened into the 
latter, but united with the normal pore-canal to open by a single 
pore. 

In a short communication to the Royal Society I compared the 
coelomic cavities of the larva of Asterina to those of the Balano- 
glossus larva. On this view, the madreporic pore would correspond 
to the proboscis pore, and the collar pores would be unrepresented, 
as of course neither hydrocoele has a direct communication with 
the exterior. In one larva, however, to my great surprise I found 
such a pore co-existing with the ordinary madreporic pore. It 
opened between the third and fourth lobes of the hydrocoele. 

Finally, a larva should be mentioned in which the only 
hydrocoele present was small and two-lobed, communicated by 
only a slit with the coelom, and was placed far in front of the 
stomach. 

In conclusion, I think one may fairly say that these variations 
prove at any rate beyond all doubt that the sac I have called 
the right hydrocoele is a structure of the same nature as the left 
hydrocoele. Since the larva is in its early stages quite bilaterally 
symmetrical, we may assume that the free-swimming pelagic 
ancestor of the Echinoderms had two equally developed hydro- 
coeles; and hence the variations I have described come in the 
majority of cases under the head of atavism, using the word 
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without prejudice to any theory as to the actual cause of the 
phenomena. 

(4) On a new method of preparing culture mediae By Dr 
LiORRAiN Smith. 

The author described a method for preparing media suitable 
for the cultivation of Bacteria. The principle of the method 
consists in the addition of a small percentage of alkali to fluids 
which contain proteid such as egg-white and serum of blood. 
The fluid is then heated to the boiling point or over it in the 
autoclave. By this means it is converted into a clear transparent 
jelly. It is then a medium suitable for the growth of a large 
variety of germs. 

Monday, May 28, 1894. 
The following Communications were made to the Society : 

(1) Exhibition of neat of Trochosa picta and of certain welU 
marked varieties of tiiie spider. By C. Warburton, M. A., Christ's 
College. 

(2) Exhibition of Magnetic Rocks. By Mr S. Skinner. 

(3) Oeometrical proof of a Theorem of Convergency. By 
Mr A, C. Dixon, Trinity College. 

Let t^ + i^ + % + ... be a convergent or oscillating series of 
quantities which may be complex, and ai, Os, a, ... a series of real 
positive quantities diminishing continually and without limit. 
Then the series 01^1 + 03^*8+0^^8 + ... will converge. {Chrystal, 
Algebra, Chap, xxvi, § 9, Theorem IV.) 

Let us write 

XUn for Wi + -Ma + ... + t^ and Sr^ for Ur + Vf+l + •.. +ttn. 

Since the series i^i + t^j + . . . does not diverge, a circle of finite 
radius (R) can be drawn on Argand's Diagram which will include 
the point Xiin for evef^ value of n. 

The point OiS^n will therefore always lie within a certain 
circle of radius a^R, which may be derived from the former by 
drawing lines from the origin to its circumference and multiplying 
each by Oi. If now the origin is moved to the point a^Ui, the 
quantity Oii^ is subtracted from every quantity represented, and 
the point aiZ^Un therefore always lies within the circle as con- 
sidered from the new origin. Also the new origin is inside this 
circle, for it was the point Oi^t^. 

The point OsSa^^ will therefore lie within a circle of radius ajt 
formed by diminishing every line drawn from the new origin to 
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the circumferenoe of the last circle in the ratio a, : Oi. This circle 
is inside the last. 

Thus, if we go back to the old origin, we find that the point 
Oit^i + a^^u^j for every value of n, lies within a circle of radius aJR, 
which is contained in the former circle of radius OiR ; the centre 
of similitude of the two circles is the point a^Ui. 

Let us now move the origin to the point Oq^ + a^u^ and 
diminish the lines from this point in the ratio a^iOi. It will 
follow in the same way that for all values of n the point 

lies within a circle of radius a,i2, contained in the former one of 
radius djt, and the centre of similitude of the two is the point 
aiUi + a^u^. 

Carrying on this process we find that the point 

lies within a circle of radius aJR which is contained in every former 
circle. 

Now by hypothesis a^ decreases without limit, so that this circle 
can be made as small as we please by making r great enough. 

It follows that the series Sa^i^ converges to a definite limit. 

It is clear that the argument will hold just as well if any or all 
of the points Sun lie on the circumference of the circle of raudius R. 

In the important special case when 

Un = cos {710 + ^) + 4 sin (nO + ^), 
the successive points St^n a-re arranged at equal intervals round a 

circle of radius x cosec ^ , which passes through the origin. 

1 

We may take ^ cosec ^ as the value of i2 ; it will be finite un- 
less d is a multiple of 27r and therefore, except in that case, the 
series Son cos (nd+ d) and Xdn sia (nd + ^) are convergent if o^ is 
positive and diminishes without limit as n increases. 
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Functions. 

Fellows will obtaiii their copies on application to 
The University Press, Cambridge. 

Vol. XVI. Pt. I. will include the following paper : 

I. Mr D. B. Mair, An Algebraically complete system of 
Quaternariants. 

3. Letters and Oommuhications for the Society should be 
addressed to one of the Seci*etaries, 

Mr J. Larmor, at St John's College, 
Mr H. F. Newall, Madingley Rise, 
Mr W. Bateson, at St John's College. 

Presents for the Library of the Society should be addressed to 

The Philosophical LS>rary, 

New Museums, 

Cambridge. 
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Criticism of the Oeologiccd evidence for the Recurrence of Ice 
Ages\ By T. M^Kenny Hughes, M.A., F.R.S. 

Part II. (For Part I, see p. 98.) 
The Mode of Transport of Boulders and other Drift. 

Having considered the nature of the evidence which is relied 
upon in proof of the glacial origin of the fragments included in 
certain clays and conglomerates and having exhibited a large 
collection of rocks polished and striated in different ways, both 
natural and artificial, but known to be unconnected with glacial 
action, and having endeavoured to indicate the points of resem- 
blance and of difference between these and the undoubtedly 
glaciated surfaces, I now go on to consider other sources of error 
in the observations upon which we have to rely before we attempt 
to construct a natural explanation of the phenomena of recurrent 
glaciation^. 

That the boulders were left by the ice in the place where they 
now lie is not always to be received with unquestioning faith. 
In hurried explorations and especially in those of remote regions 
the observers can rarely be expected to be familiar with all the 
operations of nature which move and bury blocks in each par- 
ticular district and we may admit that landslips or mudflows or 
the many other processes such as we commonly see on a coast 
like that of Norfolk*, with its cliffs of various drifts, may fre- 
quently have resulted in the burial of transported material in 
unexpected places and in positions difficult of explanation. 

We have to enquire not only how nature moulds and sculptures 
the stones on which we rely for evidence of glacial action but also 
how far the occurreuce of a boulder clay containing such stones, 
even when associated with marine beds, necessarily implies 
glaciers coming down to the sea in the area in which the boulder 
clay is now found. 

If any region, in which glaciers were generated on the high 
ground and descended to within say 5000 or 10,000 feet only of 
sea-level, were afterwards depressed to that number of feet, the 
glaciers would be gone, but the moraines of those glaciers might 
often be covered by marine deposits, and cliffs of boulder clay 

^ See page 142. 

3 Since writing the above I have had an opportunity of examining a striated 
rock from the Indian boulder-beds which is preserved in the museum at Zurich. 
I was satisfied from an examination of the specimen itself that the markings on it 
were not due to glacier action, an opinion in which Heim fully concurred. 

' See Nature, Vol. 50, May 3, 1S94, p. 5. *' On Some Sources of Error in the 
Study of Drift" 

VOL. VIII. PT. III. 17 
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might be ondermiDed and the debris sink into the deeper hollows 
withoat mach washing and sorting of the material or any destruc- 
tion of the glacial markings, and thus give rise to the supposition 
that the glaciers once descended to the sea. It needs much more 
evidence and an answer to several obvious questions before the 
inference as to the former descent of the glaciers to sea-level can 
be accepted as satisfactory. Has it in any case been shown that 
the fauna of the deposits associated with the Carboniferous or 
PermifiOi boulder beds has an arctic or even a more northern facies 
than that which occurs in beds of approximately the same age 
elsewhere ? Certainly not in the case of the conglomerates at the 
base of the Carboniferous rocks of this country, where large corals 
grew among the boulders, while in other beds of the same series 
the same corals are associated with the remains of a tropical 
vegetation. 

Further, assuming that the boulders referred to are really of 
glacial origin and certainly in place, before we can accept them as 
proof of extreme glacial conditions on the site and at the level 
where they are now found, we must examine the various ways in 
which nature transports glaciated boulders and other drift, far 
beyond the r^on of original glaciation without calling in the aid 
of earth-movements to depress glaciated hill-tops to sea-level. 

The start of the boulders is interesting but need not take long. 
They &11 on the upper ice and, where the ice goes, there they are 
carried as long as they remain on it or in it and if the journey be 
long on a glacier^ most of them will get into the crevasses and 
eventually find their way to the bottom, where some will be 
washed down in glacier streams and some help to grind the other 
included stones and the solid rock. 

When they get to the end of the glacier all polish and striae 
are soon lost in the streams that flow irom it unless the ice breaks 
off in a lake or in the sea when it will bear its burden of drift 
about till it is melted down into too small a raft for the load and 
then the whole will go to the bottom. 

The question we are now considering is not how high must 
the land have been for the snow to accumulate and turn to glacier 
ice in any part of the tropical or temperate regions, nor how near 
the equator may glaciers have come down to the sea, nor how near 
to the sea may they have occurred provided there were a great 
uplift of mountain ranges and abundant precipitation, but we will 
now confine our enquiry to the mode of transport after the boulder 
or drift has been launched. 

Within the last few weeks the story of icebergs in the South 
Atlantic in latitude 54"" has been going the round of the papers. 

1 ** Notes on the Geology of Parts of Torkshiie and Westmorland," OeoU 
PolytecK 8oc, W. Riding, Yorks,, July 17, 1867, p. 11. 
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A ship laden with wheat from San Francisco for Liverpool was 
caught amongst them. One day 415 were in view from the 
vessel's maintop. Some of them were 5 or 6 miles in length 
and between 500 and 700 feet high. This was in the latitude of 
Holderness and the icebergs were so large that they could not 
have got near that coast unless there had been a subsidence 
suflBciently great to submerge the highest mountains in the 
British Isles if the depression had been uniform over the whole 
area. Darwin long ago recorded that a fragment of granite was 
seen on an iceberg between 49° and 50° S. latitude, that is on the 
latitude of the English Channel. 

Though the sun might shine and the southern breezes might 
rapidly melt away all that projected above the waves, it would be 
long before such ice islands finally disappeared. Icebergs that 
have grounded have been observed to remain for years in the 
same placed Generally they would be carried by the currents 
with the wind or against the wind, and where there were no 
currents would be driven by the wind. It is hard to put a limit 
on the possibilities of transport of drift and boulders in favourable 
combinations of ice, coasts, and currents. 

While on the subject of icebergs I would point out in passing 
how unsafe it is to infer that all grooves and striae even on the 
solid rock must be due to glacier ice. When we remember the 
enormous mass of some of those ice islands and the velocity with 
which they travel, and compare this with what we know of the 
weight and movement of glacier ice, we may well credit the ice- 
berg grounding on a boulder-strewn rock with the power of 
producing grooves and striae. 

Lyell^ describes an icefield seen by Capt Belcher on the coast 
of Newfoundland carrying mud and gravel, and explains how, 
from observations made on the rate of drifting of such masses in 
those regions, boulders might be transported 1800 miles or so and 
be dropped as far south as latitude 48°, i.e. the latitude of the 
northern part of the Bay of Biscay. Hays' gives examples of 
icebergs drifted towards equatorial regions as far as 40° N. latitude, 
that is south of the latitude of Naples, and as far as 36° S. latitude, 
that is the latitude of North Afirica. He offers abundant testimony 
as to many of these being laden with drift and boulders. 

If the main mass of this drift is derived from one region we 
should infer that it was transported to the sea by glacier ice, but 
if an argument is founded upon a few boulders only of a well- 
marked rock occurring sporadically here and there in a mass of 
material derived from other and various sources then we may 

^ Hays, Assoc. Amer, Geologists and Naturalists^ Ap. 1843. Howorth, The Olacial 
Nightmare and the Flood, i. 155. 

3 Presidential Address, ^roc, Qeoh Soc, 1836, p. 384. 
' Op. cit, 

17—2 
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invoke the aid of the many accidents of river ice and of ground 
ice to help them if necessary on their way from the glacier foot 
to the pack ice of the coast and further distribute and mix them 
by the agency of sea-borne icebergs. 

It is not only in Arctic regions that coast ice of considerable 
transporting power is formed. This year I saw in the Wash the 
frozen snow lifted by the tide and, with whatever was tangled in 
it, carried up and down with the ebb and flow. The sea for 
several hundred yards from the shore was covered with pack ice 
on which sometimes sat large sea birda 

Some years ago I saw in the estuary of the Dee and along the 
coast of North Wales, Le. between latitude 53° and 54°, masses of 
pack ice floating seaward which were more than twelve feet thick 
and large enough to have carried several cottages. Large two- 
masted vessels were frozen up in it Boulders and earth were 
transported by some of these ice-floes and were shifted up and 
down with the tide along the shores of the estuary below Connah's 
Quay. 

But many of the stones which lie on the shores of North 
Wales are glacial boulders derived from the various drifts which 
occur inland and in the cliffs along the coast — so that ice now 
carries glaciated boulders along the coast of North Wales — the 
glaciation having taken place long ago, the transport going on 
still. 

Many other agents besides ice help to carry them. Down 
the Clwyd, in flood, stumps of trees, with stones from the 
glacial drifts firmly grasped among the roots, are continually 
carried and are met with on the shore far from the mouth of any 
river. Fragments thus dropped on the sand or mud, after lying 
there long enough to allow the great bladder-like base and the 
long flat leaves of the laminaria to grow, are further dragged by 
them in storm, and, with their striae protected by each agent of 
transport, find a resting place at last among the shells and other 
remains of a temperate climate. All along that coast, far from 
the mouths of the Clwyd or Dee, there are cliffs of boulder clay 
of various age and origin and these are being perpetually under- 
mined and the boulders, large and small, and the lumps of clay 
are transported along the shore by the tide and wind waves. 
Where masses of clay containing rock fragments are rolled along 
the beach, the softened outside of the mass is covered with recent 
shells and shingle which have stuck into it, whereas, on breaking 
it open, we find the more solid clay with fragments, sometimes 
striated, which have never seen the light since they were buried 
in the boulder drift 

It is not uncommon to find even single scratched stones de- 
tached from their parent cliff and carried a considerable distance 
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without losing their striae, but where the boulHer is surrounded 
by clay, packed up in the gnarled roots of a tree, or covered by 
marine growths, it may travel far without being exposed to any 
ivear and tear that would obliterate the ice-marks. 

In the observations just recorded I have endeavoured to 
explain the preservation of the grooves and scratches, but if we 
SLTB seeking only an explanation of the presence of a block far 
from its source of origin and in material of very different coarse- 
ness the explanation is easier. Stones travel steadily along a 
coast with every tide and wind-directed shore current and it is a 
matter of everyday occurrence to find a large boulder or two 
appear and disappear in a few tides along a sandy or gravelly 
beach. Although there is a definite proportion between the 
velocity of a current and the coarseness of the material which it 
will move, this does not apply to a single large stone resting on 
sand or small gravel. A boulder 2 feet in diameter would not 
be moved from its place among boulders all of somewhat the 
same size by a current which would scour out the sand around it 
if it lay isolated on a sandy beach and would trundle it along the 
shore — leaving it at last perhaps buried in clay in some depth 
out of reach of the wind-waves and currents. 

These are only a few examples of the many modes of transport 
of boulders. We must also remember that they have often been 
derived from older boulder-bearing rocks and that they may even 
have come originally from rocks now covered by newer deposits as 
many of the boulders in the Cretaceous beds of East Anglia have 
probably been derived from the subterranean plateau now becoming 
so well known by the numerous borings for water for the supply 
of London. 

With all these doubts as to the glacial origin of the striations 
on rocks and stones, with so many modes of transport of boulders 
and drift, with the abundant proofs of depressions of suflBcient 
extent to bring down to sea level the moraines and other traces 
of glaciers which once occupied the mountain tops, we may be 
pardoned for not accepting as proved all the reports of extreme 
glaciation haying occurred in equatorial regions with geographical 
conditions the same as now. A theory involving such difficulties 
as to have driven some of its advocates in desperation even to 
shift the axis of the earth back and fore as required so as to bring 
a portion of the equatorial region within reach of circumpolar 
glaciation. 
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Part IIL 
The Etidekce as to the extent of Eabth movements, and 

TUEm RELATION TO GlACIAL PHENOMENA. 

To recall the line of aigament followed. It is admitted that 
we have abundaDt evidence of the local occurrence of land ice and 
of the transport of material by sea-borne ice over areas where, 
with the present geographical distribution and the existing climate, 
glacial conditions do not and could not prevail But the extent of 
ice action has been pushed too far, and the recurrence of glacial 
conditions in past time has been urged on insufficient and often 
£Eilse evidence. The principal sources of error have been pointed 
out, and some particular cases of wrong attribution to ice action 
have been discussed. 

Having thus got rid of some of the difficulties which extreme 
views of glaciation entail, we proceed to consider what geographical 
conditions prevailed over certain areas where it is admitted that 
glacial conditions did exist, or where the indirect influence of 
neighbouring glaciation is shown to be probable. 

We find as the result of this enquiry abundant independent 
evidence of repeated earth movements over the very areas indi- 
cated by the distribution of glacial phenomena. 

There have been great upheavals where we see evidence of 
increase of cold, great depressions where glaciated areas have been 
brought down to sea-level in warm regions, and great complex 
movements causing ocean currents to run where land bad been, 
or mountain ranges to rise where the tide had flowed. 

To this point I would now direct attention. Many collateral 
questions of great interest naturally arise out of its discussion, 
such as the continuity rather than tiie permanence of continental 
and oceanic areas, &c. But I propose to confine myself to the 
consideration of the evidence of the nature, amount, and effect of 
the changes of level which can be proved to have taken place over 
the areas where glacial conditions formerly prevailed. 

In examining the nature and extent of the geographical causes 
of the more intense vicissitudes of temperature it may be well 
at first to confine our attention to two principal basins, (1) the 
North Atlantic basin, round which we have evidence of the severe 
Pleistocene climate which is generally spoken of as the Glacial 
Period, and on the existing shore of which the Conglomerates of 
Cambrian, Carboniferous, and Poikilitic Age occur in which some 
have seen proofs of ice action, and (2) the Indian Ocean, round 
which it is maintained by many observers that evidence exists of 
similar conditions having prevailed in times not long preceding 
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our own, and also, according to some, during the deposition of the 
Lower Carboniferous rocks. 

Measures of Earth movement. 

The study of the sedimentary rocks brings out most clearly 
that there have been oscillations of level over large areas — that 
after a long period of depression and continuous deposition there 
has always come a reversal of the direction of movement and a 
continuous uplift for another long period. 

The first question is — what is the known extent of such 
movements in the districts under consideration? A minimum 
estimate can be obtained by measuring the edges of the deposits 
that have been continuously depressed to admit of the accumu- 
lation of more sediment on top of them, and as these formations 
can be observed only when afterwards folded up into plateaux 
and mountains in the second period of their history we have 
in them a measure of the amount of uplift. It does not follow 
that there ever existed an ocean as deep as would be implied by 
the depth to which the first-laid sediment descended, because 
the filling up of the abyss would go on during the period 
of subsidence. Nor should we be justified in assuming that at 
any time there was land as high as the folds of the earth's crust 
would seem to have carried the strata, because the waste of the 
high lands would be going on during the whole of the period of 
upheaval. But the quantities we are dealing with are so vast that 
there is plenty of margin and a small excess of elevation over 
denudation would give us mountain regions high enough to account 
for all the phenomena we seek to explain. 

EaMem side of Atlantic basin. 

First we will examine the evidence as to the amount of earth 
movements certainly known to have taken place in our own 
country. How much material was removed from the Archaean 
Rocks, before the great Cambrian depression submerged them all, 
cannot be accurately ascertained owing to the absence of suffi- 
ciently well-marked horizons in that ancient crystalline series. 
But the amount of the depression which went on during the 
deposition of the Cambrian System cannot be less than the total 
thickness of the Cambrian Strata, and, as in some areas there is 
no great discordancy between the Cambrian and Silurian, such as 
would imply any considerable reversal of the movement, we may 
estimate the depression as represented by the thickness of the 
Cambrian and Silurian Systems together \ 

Now taking the thicknesses as deduced from the Geological 

1 Camb. Phil. Soc., Vol. iii. p. 247. 
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Survey Sections, we find that where the sediment is small we have 
about 32,500 feet, but different members swell out in areas where 
sediment was more abundant at the time they represent, or depres- 
sion more rapid, and there we get 63,000 feet for the Cambrian 
and Silurian. In these calculations we are less likely to obtain 
wrong results if we take all our measurements from as nearly as 
possible the same district, so as to avoid errors arising out of mis- 
taken determination of boundaries or compensating accession of 
thickness. 

Here then taking the lowest estimate we have evidence of the 
descent of a land surface to depths greater than the deepest abyss 
of ocean. The fact that these beds are now above sea-level and 
exposed to observation is sufficient proof that a great elevation in 
due course followed the subsidence we have just described. But 
the upheaval did not stop there. The Cambrian and Silurian 
Rocks were thrown into great folds, the tops of which were cut off in 
time by denudation. That 30, 40, 50, or 60 thousand feet of sedi- 
ment should be uplifted into arches above sea-level implies earth 
movement on a scale amply sufficient to account for any climatal 
changes possible within the periods recorded in the rocks. But 
when denudation kept pace with upheaval, there would not be any 
very high lands to produce intense cold, and when no traces of 
glacial conditions are found it may be that the land was reduced 
by denudation as fast as uplifted within its influence. The result 
of all the combined operations is that when the area again subsides, 
the new sediment is laid upon the planed-down surface of the older 
rocks, and a measure of the time and extent of the movements may 
be obtained by restoring the curves of the truncated strata. 

I have applied this method to the examination of the break 
between the Silurian and the Carboniferous Periods in the north 
of England, confining my observations within an area so small that 
it is not necessary to make allowance for the thinning out of the 
strata in any direction, and I found that strata the aggregate thick- 
ness of which amounted to 27,000 feet were thrown into folds above 
sea-level and remained there long enough to be all planed off at sea- 
level. The height to which the crest of these folds must have risen 
if they had not been destroyed pari passu with the upheaval could 
not be less than 27,000 feet and may have been much more. 

The time for the reversal of the direction of movement came, 
and throughout long ages shallow water conditions were maintained 
over the area by the accumulation of sediment keeping pace with 
depression until the old land surface had reached a depth of from 
10,000 to 15,000 feet 

Again the engines are reversed and all this sediment mostly 
converted into solid rock comes up and is thrown into folds as were 
the rocks of the old land from which it was derived. The mini- 
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mura height is the total thickness without allowing anything for 
the folds, or for the vast masses of older strata pushed up at the 
same time. 

Again after a somewhat commensurate interval during which 
the folds are planed off and the edges of the Carboniferous Rocks 
with their Devonian basement are exposed, the direction of move- 
ment is again changed, and all goes down to receive the great 
Jurassic system with its Poikilitic basement series, and so the story 
is repeated again and again. 

We have taken one district on the margin of the Atlantic 
basin for an approximate estimate of thicknesses and of therefrom- 
inferred amount of upward and downward movement. But the 
same reasoning holds everywhere along the axes of principal dis- 
turbance, and here and there some members of the series are 
enormously thicker than their representatives in the sections I have 
referred to. For instance, in the central basin of Scotland the 
lower division of the Old Red Sandstone is said to have reached a 
depth of more than 20,000 feet, while in North Germany the Coal 
Measures attain a similar thickness. The Alps and Pyrenees offer 
proofs of upward and downward movement along axes of yielding 
at many successive periods down to late Tertiary times. As Le 
Conte^ has shown, sediment is apt to be thicker and evidence of 
earth movements greater along the axes of mountain ranges ; still 
there have been wider submergences and elevations, as proved by 
the vast thickness of sediment such as those of which examples 
have been given above, and these are more important as showing 
the instability of the continental areas. 

Heim has shown that the crumpling up of the Alps has 
reduced the breadth of the sediments of which it is composed at 
least 120,000 metres or 74 miles and, though his figures have 
been questioned by later observers, all admit an enormous re- 
duction of their original horizontal extent*. More recently it has 
been suggested that the upper part of an immense fold of rock has 
been carried from the districts south of Mont Blanc and Monte 
Rosa to the northern slopes of the Alps, and that the movement 
extended all along the northern edge of the Swiss and Bavarian 
Highlands'. 

Every author who has described the Alps and given us sections 
across them bears witness to the vast extent of the earth move- 
ments that have recurred there down to quite late times. For 
this we have only to look at the sections of Alphonse Favre, 
Renevier, and many others, besides the more recent observations 

^ Journal of Geology, i. 1893, p. 544. 

3 Heim, MechanUmue der Gebirgsbildung, Vol. ii. 1878, p. 213. 
^ ScJiardt, '* Sor Torigine des Pr^alpes Komandes," Arch, dee Sciences Phys, et 
Natur,, Dec. 1893, Geneva. 
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just quoted. The thickness of the strata thus folded is very great. 
The Mesozoic and Tertiary strata alone have been estimated at 
more than 50,000 teet\ 

One controverted point in connection with this question of the 
periodic oscillation of all known land areas is the inference that 
these movements have been continued down to quite recent times. 
Heim has recently shown that the up-valley slope of some 
terraces along the Lake of Zurich indicates that the hollow in 
which the lake lies holds the water in consequence of a depression 
of the region in post-glacial times. But the strongest argument 
in favour of this is derived from the occurrence of marine de- 
posits of post-glacial age at various levels up to at least 1350 
feet, on the flanks of the hills in Britain and Scandinavia. The 
shell beds of Uddevalla and the fossiliferous sands and clays of 
Macclesfield and of North Wales are the most important ex- 
amples. I have already elsewhere described those of North 
Wales'. It has been generally recognised that the occurrence 
of marine terraces at various levels along the marginal moun- 
tain regions would be a strong argument in favour of eleva- 
tion of the land having had much to do with the occurrence of 
glaciers in that region. At any rate the proof thus offered of 
earth movements to that extent in post-glacial times would be a 
complete answer to the objection that the advocates of the geo- 
graphical theory were calling in hypothetical changes on the 
earth's surface of which they had no proof. The extreme glacialists 
therefore received witli great favour the view that these marine 
deposits did not represent old beaches, but were the sweepings of 
the sea bottom pushed by the advancing ice up the hill sides, and 
left there when it receded. The objection that the beds were 
distinctly stratified and the material sorted by water was met by 
the suggestion that it was rearranged by the fresh water which 
flowed from the end of the melting ice. 

But an examination of the beds renders this explanation 
extremely improbable. The drift is not thrown out in cones of 
dejection and fan-shaped masses, nor arranged in terraces along 
the possible course of glacier-bom streams, but occurs in the bays 
where it was thrown up by the sea and protected afterwards from 
destruction, or lies in deep valleys which during the submergence 
were invaded by the tides. The boulders and shells are thrown 
ashore and buried in the slips of boulder clay cliffs and the waste 
of older marine deposits. Sometimes the scratched stones fix)m 
these boulder clay cliffs are not washed far enough to lose their 
striae but, carefully packed in clay, have been preserved unworn. 

^ Judd, Volcanoes, p. 295. 

3 " On the Drifts of the Vale of Clwyd and their Relation to the Caves and Gave 
Deposits,'' Q. J, G. S., Nov. 17, 1886, Vol. xLin. p. 73. 



1893.] evidence for the Recurrence of Ice Ages. 229 

Sometimes they are broken and the pieces separated. Rolled 
balls of boulder clay with pebbles and shells stuck on them get 
buried with the rest. 

Exactly the same process is now going on along the coast of 
North Wales, and an exactly similar deposit is the result^ Dead 
shells of species that live along the shore, of those that haunt the 
rocks, of those that burrow in the mudbanks, and of those that 
frequent the deeper waters are all thrown up together. 

The shells of the Moel Tryfaen, Colwyn, Clwyd, or Minera 
terraces are not arctic, though there are some of more northern, 
say Scandinavian, aspect than now inhabit our coast, and, what 
seems to be a conclusive refutation of the Ice-push theory, the 
facies is different in the different terraces. On the extreme glacial 
theory, the ice must have crept across the temperate sea and 
pushed in front of it, once for all, the remains of all the forms of 
life that could not escape and then left some at one level and 
some at another on adjoining parts of the coast. It could not go 
back to fetch any more, and, if it did recede in parts, surely the 
forms of life would then be more arctic in character than we 
find in these marine terraces. 

The West Side of the Atlantic Basin, 

Now if we turn to the other side of the basin we shall find 
the same kind of evidence of enormous alternate upheaval and 
depression. We are not now concerned with the causes of the 
movements but only with their recurrence and their extent. 

The Uinta Mountains* rise as a single great fold and though 
30,000 feet of the uplifted strata have been swept away, they still 
rise some 10,000 feet. The upper Palaeozoic and Mesozoic are, 
according to Powell, 30,000 feet thick. The vast scale of the 
movements is further shown by the fold being cut off on its 
northern and steeper side by a fault of 20,000 feet downthrow. 
As in the case of the Sierra, where after a gradual ascent to a 
height of 16,000 feet, there is a sudden drop on the East with a 
fault-cliff nearly 11,000 feet high. The primary fold of the 
Sierra was formed towards the close of the Jurassic period, but 
the great uptilts of its eastern side are referred to an age as late 
as the end of the Tertiary period. 

The thickness of the strata involved in these great folds is im- 
mense. According to Clarence King the Palgeozoic and Mesozoic 
strata of the Wasatch are about 50,000 feet thick. The Trias of 
Western America is sometimes as much as 15,000 feet thick. 

1 See above, p. 222. 

2 Le Conte, Joum. GeoL, i. 1893, pp. 547, 653: Clarence King, Report QeoU 40* 
Parallel^ Vol. i. 
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The Cretaceous alone in the Coast Range of California near the 
Bay of San Francisco are according to Whitney 20,000 feet thick 
and 30,000 according to Diller in Shasta County. These are a 
few examples of the extent of the earth movements ; and nearer 
the margin of the Atlantic basin we have the same evidence. 

In the Appalachian chain, according to Claypole*, 96 miles 
of sediment has been crowded into a breadth of 16 miles. When 
we measure the enormous thickness of this sediment and re- 
member that there must have been vertical extension to make 
room for that amount of horizontal compression we realise the 
vast magnitude of the earth movements implied by those figures. 
To give an idea of the amount of depression we have only to 
consider that in the Palaeozoic rocks of the Appalachians having 
according to Hall a thickness of 40,000 feet, nearly every bed 
gives evidence by its fossils of shallow water, and often by shore 
marks of very shallow water*. 

When we have evidence of movements on such a scale within 
each geological period and remember that the lowest depth of 
ocean known is only 27,930 feet, we may well hesitate before we 
accept any theories involving the permanence of oceanic areas 
and may feel justified in calling in elevation and depression in 
explanation of any phenomena which they would account for. 



The Indian Ocean Basin, 

The regions round the Indian Ocean basin show here and 
there traces of glacial action in quite recent times. New Zealand 
may have come within the influence of antarctic ice; India is 
close to some of the highest and coldest mountains in the world ; 
but African glaciation calls for further explanation. 

Capt. Ay 1 ward* says, " It will be interesting to geologists and 
others to learn that the entire country, from the summits of the 
Quathlamba to the junction of the Vaal and Orange Rivers, shows 
marks of having been swept over, and that at no very distant 
period, by vast masses of ice from east to west. The striations 
are plainly visible, scarring the older rocks, and marking the hill 
sides — getting lower and lower and less visible as, descending from 
the mountains, the kopkies (small hills) stand wider apart; but 
wherever the hills narrow towards each other, again showing how 
the vast ice fields were checked, thrown up and raised against 
their eastern extremities." On this account Wallace* remarks, 
"The country described consists of the most extensive and lofty 
plateau in South Africa, rising to a mountain knot with peaks 

\ American Naturalist, Vol. xix. p. 257. ' Le Gonte, p. 552. 

> Transvaal of to-day, p. 171. * Island Life, p. 157. 
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more than 10,000 feet high, thus offering an appropriate area for 
tlie condensation of vapour and the accumulation of snow. At 
present however the mountains do not reach the snowline, and 
there is no proof that they have been much higher in recent 
times, since the coast of Natal is now said to be rising. It is 
evident that no slight elevation would now lead to the accumu- 
lation of snow and ice in these mountains, situated as they are 
between 27° and 30° S. Lat.; since the Andes, which in 32° S. 
Lat. reach 23,300 feet high and in 28° S. Lat. 20,000, with far 
more extensive plateaux, produce no ice fields. We cannot there- 
fore believe that a few thousand feet of additional elevation, even 
if it occurred so recently as indicated by the presence of striations, 
would have produced the remarkable amount of glaciation above 
described." But Wallace's argument from the present direction 
of movement on the coast goes for nothing, seeing that it, as I 
have endeavoured to emphasise above, is a recurring phenomenon 
and that levels have been rapidly changing in quite recent times 
in many places. Moreover we must bear in mind that we require 
not only great cold but also abundant precipitation to produce 
ice fields, and a plateau may be too high or out of the way of 
the moisture-bearing currents of air. 

Mr G. W. Stow^ describes similar phenomena in the same 
mountains, and also mounds and ridges of unstratified clay 
packed with angular boulders ; while further south the Sturmberg 
mountains are said to be similarly glaciated with immense ac- 
cumulations of morainic matter in all the valleys. 

The fact of glaciation in tropical regions is itself evidence of 
former great elevation, for even the astronomical theory requires 
high land for the collection of snow and the formation of glaciers. 

But this is not the ouly proof of changes of level in that part 
of the world. 

The uplift of earth above water or the sinking of the land 
below the sea brings about the greatest change in the continuity 
of life.and of deposit and therefore furnishes the most important 
data for stratigraphical classification, and perhaps of the two it is 
the icy mountain range that forms the most effective barrier. On 
such isolation of species Wallace has founded many of his happiest 
generalizations. 

That there did exist along the East African side of the basin 
a continuous range of very high ground is proved by the large 
number of north temperate genera of plants in South Africa. 
It is clear, says Wallace", "that South Africa has received its 
European plants by the direct route through the Abyssinian high- 
lands and the lofty equatorial mountains, and mostly at a distant 

1 Q. J. Q. a.. Vol. xxvn. p. 689. * Island Life, p. 492. 
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period when the conditions for migration were somewhat more 
favourable than they are now.*' 

Another argument for the elevation, more or less recent, of the 
eastern part of Africa and of the great chain of islands which 
connect Australia and the south-eastern promontories of Asia is 
that the dividing hollows between these islands themselves and 
between them and the mainland seem to be chiefly valleys of 
subaerial denudation, and to bring the bottom of the deepest 
valley up to the surface would imply an upheaval of at least 
15,000 feet. 

The same kind of evidence as that founded on the thickness 
and kuown movements up and down of the sedimentary rocks in 
the Atlantic basin is forthcoming also in the basin of the Indian 
Ocean. The Jurassic rocks of many parts of India and Australia 
have been estimated at from 6000 to 10,000 feet, and the Basic 
rocks of Cretaceous age in the Deccan amount in the aggregate 
to 6000 feet. Series referred to the Tertiary period attain a 
thickness of 10,000 feet, but, more important for our present 
purpose. Tertiary beds have been lifted up in the Himalayas to 
more than 16,000 feet above sea-level. 

Effect of Elevation on Climate. 

We have now to consider what would be the eflfect on tem- 
perature and precipitation of such earth movements as those 
which we certainly know did repeatedly occur round the areas just 
described. 

First we must bear in mind that it is not necessary to have 
very great cold in order to obtain glacial conditions. All that 
is required is, th^t the temperature shall be below freezing- 
point. Great masses of ice encroaching on the lowlands and 
icebergs drifting into temperate regions maintain a low temperature 
arouna themselves at the expense of their masa All that is wanted 
is a large collecting ground and abundant precipitation to keep 
up the supply. If the cold is excessive it arrests the moisture 
before it reaches the n6\4. 

Now it is a well-known fact that as we climb the higher 
mountains in any part of the world the cold increases, and the 
forms of life proper to more northern regions appear succes- 
sively along the belts where they find the temperature that suits 
them. The rate of increment is not quite constant, but a fall of 
V F. for every 250 to 300 feet additional height is about the aver- 
age. If then we start from the mountain foot in tropical regions it 
is long before we reach the freezing isotherm, in northern climates 
we reach it sooner; but sooner or later it must be found if the 
mountains rise to a sufficient height In high northern latitudes 
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the freezmg-point is found at sea-level. ,In the British Isles it 
just touches the tops of our highest mountains. In the Alps it 
lies between 7000 and 9000 feet above sea-level. Exceptional 
geographical conditions bring it down to sea-level in South-West 
Greenland on the latitude of Southern Norway. 

It was quite possible that denudation might have proceeded 
pari passu with upheaval in every case and no high ground be the 
result of the long continued upheavals of which we have such 
abundant evidence. It might have been that this was one of the 
automatic compensations provided by nature and that no great 
elevations were ever thus produced. But there they are — moun- 
tains and table-lands — existing in the present and ever recurring 
in the past. 

The upheaval is a fact ; what we have to ask is only whether 
in any particular case the balance of uplifted land left after ages 
of denudation is enough to explain the occurrence of glacial 
conditions. If we find traces of glaciation we say — you have in 
elevation an ordinary operation of nature sufficient to account for 
it. If we find no evidence of excessive cold then we say — in 
denudation is another well-known operation of nature which has 
proved in this case sufficient to counteract the efiect of the vast 
upheaval. 

If the Scotch mountains, the tops of which are now about 
freezing-point, were uplifted 3000 feet we should not only get a 
fall of 10° to 12° in temperature due to the greater height, but the 
enormous accumulation of snow and ice would still further lower 
it and glaciers would protrude their cold mass far over the now 
warm lowlands. An elevation of 30,000 feet with the greater 
precipitation from adjacent warmer seas would go far to furnish 
all that has yet been proved of tropical glaciation. 

Sv/mmary. 

I have endeavoured to get rid of some sources of error arising 
out of a wrong reference of certain phenomena to glacial action 
and want of due regard to the various modes of transport of 
glaciated material, showing that there are so many ways in which 
stones are accidentally striated that the greatest caution is neces- 
sary with regard to the character and origin of the scratches 
observed upon them, and that there are so many modes of trans- 
port and imbedding of boulders that we require the clearest 
evidence as to all the circumstances in which they are found. 

I explained that I had had exceptional opportunities of forming 
an opinion as to the value of the evidence in the principal cases 
relied upon in proof of the occurrence of glacial conditions in 
the Palaeozoic and Mesozoic rocks of this country, and had come 
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to the conclusion that not only were the examples of striated 
boulders in those rocks of doubtful origin, but that the negative 
could be proved, and I laid upon the table of the Society a 
series of examples in proof of the contention that these at any rate 
must all be referred to other causes than ice action. 

I showed that the ancient deposits in which evidence of glacial 
action had been observed in India, Africa and Australia, viz. the 
Talchir, Karoo, and Marsh Bush beds, belonged to one geological 
period, and occurred round one geographical basin. But I sub- 
mitted that the evidence of their glacial origin, though cumulative, 
was not sufficiently precise and mostly amounted to no more than 
an impression derived from their general appearance, rather than 
a proof in particular cases, and that there was not sufficient 
evidence as to their mode of formation. Admitting the glacial 
origin of some of them, I urged that the occurrence of boulder 
clays did not imply that there had been extreme cold over the 
areas where they were now found but that many such deposits 
were transported by icebergs and other agents from the area of 
glaciation. I pointed out that the beds m question occurred in 
areas of known earth movement on an enormous scale, so that 
regions which must have been glaciated when at a great elevation 
must often have been afterwards depressed below sea-level. I 
further maintained that, even if the glacial origin of all these beds 
were to be proved, that fact would lend no support to the theory 
of circumpolar glaciation seeing that this basin lay entirely in 
equatorial and temperate regions, some being north, some south 
of the equator and, far from being circumpolar, did not touch 
arctic regions at all. 

In like manner our well-established Pleistocene glaciation 
occurred round a basin, in a general way coinciding with the 
Atlantic basin of to-day, but in no sense circumpolar. 

The evidence offered by Reusch of Palaeozoic glaciers in 
Norway, although, if established, it would prove the repetition of 
the phenomena does not help to settle the question of the relative 
importance of the geographical and astronomical causes, as the 
region in which they occurred is within the area of glaciation at 
the present time. 

The question thus becomes reduced to a simpler form. It is 
stated by those who refer the recurrence of glacial conditions to 
extra-terrestrial causes that certain astronomical combinations 
must have produced an effect on climate, now intensifying the 
cold over one hemisphere now over the other, and if traces of 
these alternations cannot be detected in the strata of the earth's 
crust, it must be attributed to the imperfection of the record or 
the incompleteness of the observations. 

Let us leave it so. But, granting all that is here asked for, if 



1893.] evidence for the Recurrence of Ice Ages. 235 

it can be shown that throughout the ages earth movements have 
been repeated of such a kind and degree as would fully account 
for the most severe cold of which we have any record, which with 
such precipitation as can be easily accounted for by the geo- 
graphical distribution of the regions affected, would furnish the 
largest ice-sheets of which we have any suggestion, it follows that 
we have another cause in operation which also must produce 
recurrent glacial conditions and we have to ask whether the 
astronomical or the geographical cause is the most potent. 

The amount of the effect which could be produced by the 
astronomical combinations has been calculated and various intensi- 
fying circumstances have been taken account of. 

So also, in the case of the geographical causes, on the hypothesis 
of recurring elevation and depression over any area, the rate of 
increase of cold as we ascend into higher regions of the atmo- 
sphere is a matter of observation, and, given suflBcient precipitation, 
the effect is cumulative as the ice creeps down to lower regions. 
We can thus approximately estimate the height at which in any 
latitude glaciers must be formed. 

In the case of the astronomical theory the most favourable 
conditions for the production of glacial conditions would be entirely 
neutralized by a distribution of land and water having an opposite 
tendency. 

Whereas the geographical theory is not dependent on astro- 
nomical conditions, but the most unfavourable combination of them 
may be overcome by a slight increase in the amount of upheaval, 
while keeping well within the limit of observed earth movement. 

The astronomical effects are small and contingent, the geo- 
graphical large and independent. 

The astronomical theory that the cause of ice ages must be 
the coincidence of winter Aphelion with great excentricity of the 
orbit, with concomitant aggravations, requires the secular recurrence 
of circumpolar glaciation which is not confirmed by observation. 

The geographical theory allows the probability of the recurrence, 
and perhaps the secular recurrence, of glacial conditions but in 
connection with earth movements, the existence of which is a 
matter of observation. But the glacial conditions need not be 
and are not circumpolar except so far as the temperature gene- 
rally falls as we approach the poles. 
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October 29, 1894. 

ANNUAL GENERAL MEETING. 
Professor T. M^Kenny Hughes, President, in the Chair. 

The officers for the eosuing session were elected as follows: — 

President : 
Prof. J. J. Thomson. 

Vice-Presidents : 
Prof. Sir G. G. Stokes, Bart., Prof. Hughes, Mr F. Darwin. 

Treasurer: 
Mr Glazebrook. 

Secretaries : 
Mr Larmor, Mr Newall, Mr Bateson. 

New Members of Council: 

Dr Glaisher, Prof. Ewing, Mr F. H. Neville, Mr E. H. Griffiths, 

Mr W. B. Hardy, Mr H. F. Baker. 

Before vacating the Chair the retiring President, Professor 
Hughes, read an address to the Society, referring to the history 
of the Society during his term of office; commenting upon the 
bearing of recent geological observations upon some of the vexed 
questions of the day, such as the age of the earth, and ancient 
vicissitudes of climate; and containing a biographical notice of 
the Rev. Leonard Blomefield, of which the following is an abridg- 
ment. 

" The Rev. Leonard Blomefield (Jenyns) was one of our earliest 
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contributors, our first chronicler and one of the founders of the 
Society's museum. We find in our Publications many papers 
written by him, some dating back as far as 1825. They referred 
chiefly to the anatomy of birds, their plumage and the structure 
of their features ; their migrations, and their systematic classifica- 
tion. Besides these he communicated the results of his observations 
on other zoological groups from mammals to molluscs and many 
interesting descriptions of natural phenomena. Elsewhere also 
he published numerous results of scientific investigations in 
Meteorology and Zoology, retaining his activity and continuing 
his work to within 18 months of his death in his 94th year. 

Bom in 1800, educated at Eton and St John's College in this 
University, he was associated throughout his early life with people 
of culture and scientific tastes, for his maternal grandfather was 
a distinguished physician, his grandmother a WoUaston, and 
Chepstow, the naturalist, his uncle. Besides which his father was 
an agriculturist of note and a keen sportsman. Leonard Jenyns, 
as he was called before he assumed the surname of Blomefield, 
when only just 23 was ordained to the curacy of Swaflfham Bulbeck, 
not far from his father's place, Bottisham Hall. He was soon after 
appointed to the living and held it for 30 years. He had joined 
the Philosophical Society in 1822 and being so near Cambridge 
often met his old friend Henslow, as well as Sedgwick, Whewell, 
and many others. 

After his marriage in 1844 he frequently visited Oxford and, 
at the house of his wife's relatives Dr Charles Daubeny, the well- 
known Oxford Professor, and Dr BuUey, the President of Magdalen, 
he used to meet Phillips and RoUeston, and Westwood, and many 
another leader of Science, and thus he was stimulated to devote 
what time he could spare from the duties of his calling to the 
pursuit of scientific research. 

Of the 68 or more books and papers which he published a 
large number contain original observations of permanent value. 

He was soon widely known as a man of extensive knowledge 
and sound judgment, and was invited to draw up a Report on 
Zoology for the British Association in 1834, and to write the 
article on Yarrell's British Birds in the London and Westminster 
Review in 1840. At Darwin's request he described the Fishes 
obtained during the voyage of the Beagle. 

His Manual of British Vertebrate Animals was published by 
the University Press in 1836. This was followed, ten years later, 
by his Observations on Natural History, which was not, however, 
sufiiciently popular for the general public : nor were his Observa- 
tions on Meteorology, which followed in 1858. 

When his friend Henslow died in 1861 Blomefield wrote his 
Memoir. 
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He was an original member of the Zoological, of the Entomo- 
logical, and of the Ray Societies, and was elected a member of 
"the Linnaean Society in 1822 and of the Geological Society in 1835. 

He enriched many a local institution. To the Ipswich Museum 
lie gave his valuable collections of birds' eggs and of mammalian 
skulls. His Herbarium in 40 large folio volumes, besides some 
smaller ones, as well as his scientific library of more than 2000 
volumes, he presented to the Royal Literary and Scientific Insti- 
t>ution at Bath, in or near which he resided during the last 43 
years of his life, and where he also left his mark in the Field Club 
Mrhich he founded, the papers he read, and the stimulus which he 
personally gave to scientific investigations. 

He presented to the museum of our Society the collection of 
fish obtained by him on the south coast of England and of Diptera 
mostly caught in the neighbourhood of Cambridge, and he must 
always be regarded as one of our benefactors, not only for his gifts 
to the museum, out of which our existing admirable Natural 
History collections have been developed, but also for the part 
which he took in promoting the success of the Society in its early 
days." 



The President elect, Prof. Thomson, on taking the Chair, 
referred to the loss sustained by science in the death of Professor 
von Helmholtz. 

The names of the Benefactors of the Society were recited, viz. 
Dean Peacock, Eev. F. Martin, Prof. Sedgwick, Prof. Babington, 
Prof. Adams. 

The following proposals received the assent of the Society: 

(i) That to the Bye-Laws Chap. xvi. there be added the 
following paragraph : — 

"Associates, being either Teachers recognized by the Uni- 
versity or engaged in investigations of a scientific character, 
may upon application made to the Council through one of the 
Secretaries receive permission to borrow books from the Society's 
Library on the same conditions as Fellows of the Society. 
Associates availing themselves of such permission shall pay a 
subscription of half a guinea per annum." 



(ii) That in the Rules for the Cambridge Philosophical Library 
there be inserted in Rule 4 after the words ''Fellows of the Philo- 
sophical Society " the following : — 

"and Associates who have received special permission from 
the Council of the Society." 



240 PTof. Baily Note on Oeometrical Mechanics, [Oct. 29, 

The following Communications were made to the Society : 

(1) Note on Oeometrical Mechanics. By Prof. Sir Robebt 
S. Ball. 

The kinetic energy of a material system must always submit 
to a certain identical equation. Take as a particular case a body 
rotating around a fixed point. Let w^ a?,, a?, be the coordinates 
(supposed small) expressing the position of the body as defined 
by rotations about three intersecting axes and w^, x^y x^ the angular 
velocities. If the body before being set to spin had been dis- 
placed by a small rotation about the instantaneous axis and then 
set to spin with the original angular velocity, the eflFect on the 
kinetic energy will be nil. For the displacement merely altering 
the azimuth of the body about the axis cannot affect the energy. 
This alteration however does affect the coordinates a?j, x^, x^ by 
changing them into x^-\-€X^i x^ + ex^, x^ + €X^ when e is small 
Introducing these values into T we have 

^dx^ ^dx^ 'da?3 ' 

more generally it can be shown that in any material system what- 
ever 

'''dx,'^"''^''^dx^''^' 

when screw coordinates are employed. In ordinary coordinates an 
equivalent equation holds, but its form is complicated. Whenever 
the equation admits of the above simple form the coordinates 
must be screw coordinates. The function is an evectant retaining 
its form for any linear transformation inasmuch as x^, x^, &c. x^ 
are cogredient with x^, x^, &c. x^. See T,RJ,A, Vol. XXIX. p. 613. 

Here we give a dynamical illustration. L^t the case taken 
be a rigid body with three degrees of freedom, and let the screws 
of reference be coreciprocal. Then we have 

^dx^ *dx^ 'cfo?3 

The wrench with coordinates 

1^ dT 1^ dT 1^ dT 

is such that if applied to the body it will prevent the body from 
forsaking the instantaneous screw about which it is twisting. It 
acts so to speak as a restrainer. 
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It appears to be of interest to find the geometrical connection 
between each screw about which the body can twist and the 
corresponding restraining screw. We proceed thus. 

The screws of the three systems can be represented by the 
several points in a plane. All the points on one conic (I.) corre- 
spond to screws of zero pitch; all the' points on another conic (II.) 
correspond to screws about which the body would twist with zero 
kinetic energy (of course this is imaginary). Let P be any screw, 
draw the polar of P with regard to II., then Q, the pole of this 
ray with regard to I., indicates the screw, an impulsive wrench on 
which would make the body commence to twist about P. 

There is a certain homography in the plane such that if P' be 
the correspondent of P, then the pole of the ray PP' with regard 
to I. points out the restraining screw, corresponding to P, while 
the pole of PP' with regard to II. indicates the screw, a twist on 
which is the acceleration of the body twisting around P. 

The three double points of this homography are the points 
corresponding J;o the three permanent screws, i.e. those on which 
the body twists without any immediate tendency to depart. 



(2) On the Construction of a model of 27 Straight Lines upon 
a Cubic Surface, By W. H. Blythe, M.A., Jesus College, 
Cambridge. 

Every cubic surface contains twenty-seven straight lines real 
or imaginary, these lie in forty-five planes, in sets of three, there 
are consequently one hundred and thirty-five points of intersection 
of these lines. 

Examining the position of these points two things are evident, 
first, that ten of them lie in each of the twenty -seven straight 
lines, and secondly, that since any two of the planes intersect in a 
straight line, the straight lines forming any two independent 
triangles intersect in pairs in three points lying in a straight 
line. 

It is clear therefore that by taking sufficient points to deter- 
mine the constants in the general equation, we can at the same 
time by means of these points, find the remainder of the hundred 
and thirty-five by simple geometrical construction. 

It is shewn (Art. 3) that seven points of intersection can be 
so taken as to determine all constants in the general equation 
given by Taylor, and that these also are sufficient to find all 
remaining points of intersection. 
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The necessary drawing is however very complicated and diffi- 
cult, but if we take an equation given by CSayley, and suppose the 
tetrahedron of reference to have three edges equal and at right 
angles to each other, and further take another plane (one of the 
forty-five) at right angles to the base of the tetrahedron, the 
construction is much simpler. 

Table of Reference. 

[Numbers indicate straight lines. Three nwmbers in a bracks 
indicate three straight lines in a plane.] 

(4,6,5), (13,10,3), (9,8,7), (4,13,9), (6,10,8), (5,3,7), 
(12, 25, 18), (24, 14, 17), (19, 16, 1), (12, 24, 19), (25, 14, 16), 
(18,17,1), (2,21,22), (20,15,27), (23,26,11), (2,20,23), 
(21,15,26), (22,27,11), (4,12,2), (13,14,15), (9,1,11), 
(5, 14, 11), (3, 1, 2), (7, 12, 15), (6, 15, 1), (10, 11, 12), (8, 2, 14), 
(4,27,16), (13,23,18), (9,21,24), (4,26,17), (13,22,19), 
(9, 20. 25), (5, 18, 21), (3, 24, 27), (7, 16, 23), (6, 22, 25), 
(10,20,17), (8,26,19), (6,23,24), (8,27,18), (10,21,16), 
(5, 19, 20), (3, 25, 26), (7, 17, 22). 

N.B. To find whether two straight lines intersect, observe 
whether they occur in the same plane. 

One side of every triangle intersects with one side of any other 
triangle. 

Art. 1. Geometrical construction to find the twenty-seven 
straight lines. 

Art. 2. Notes on the form of the surface. 

Art. 3. Geometrical construction to find the twenty-seven 
straight lines from the general equation given by Taylor. 

[Fig. I. represents the plane of the base of the tetrahedron of 
reference, the straight lines 4, 9, 13 being the edges of the base. 
On the sides of this diagram are marked the points at which the 
projections of the straight lines cut them. 

The rings (7, 9), (8, 9) indicate where the straight lines 7 and 8 
cut 9. (18, 1); (11, 12); (9, 25) are the projections of these points 
upon the plane of the figure. 

Fig. II. represents a plane containing the straight lines 9, 20, 25 
indicated by numerals placed at the end of them, and is at right 
angles to I. 

Figs. III. and IV. are two planes representing faces of the 
tetrahedron of reference, also at right angles to I. containing respec- 
tively the straight lines 4, 12, 2 and 13, 14, 15. 

In Figs. II., III., IV. the numbered points indicate where the 
straight lines meet these sections.] 
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Art. 1. The following rules derived from the equation of the 
surface are sufficient to determine the straight lines 4, 9, 13, 20, 
25, 12, 2, 14, 15, 1 and 11. 

1. The heights of the intersections, (14, 25), (2, 20), (12, 15) 
above the plane of (4, 9, 13) are in the proportion I :m : 1. In 
this case 3:2:1. 

2. The straight lines 20 and 25 each divide the edge 9 in the 
proportion Imn : 1. In this case n = 2^^. 

The edges 4 and 13 are divided in a similar manner by 2, and 
12, and 14 and 15 respectively in the ratios mn : 1 and In : 1. 

3. The projections of the straight lines 1, and 11 in Fig. I. 
divide the edge 9 externally in proportion 1 : Im and the line 4 
internally in the ratio 1 : m. 

4. Now to find any other straight line we proceed as follows. 
Take any plane containing the required straight line (e.g. 18) and 
two other known straight lines (e.g. 12, 25). 

Next take any other two triangles already found 9, 11, 1 and 
14, 15, 13. 

We find that 25 intersects with 9, 12 with 11, and 18 with 1. 
Since these are the intersections of the sides of two independent 
triangles they are in one straight line. Therefore joining (9, 25) 
to (11, 12) in Fig. I. and producing the straight line we find the 
point at which 18 meets 1. 

Similarly by joining (14, 25) and (12, 15) in Fig. IV. we find 
the point at which 18 meets 13. Join 18, 1 to 18, 13, the pro- 
jection of 18 in I. is determined. 

It is known that 18 meets 25 and 12 from the table of refer- 
ence, therefore we mark on 25 and 12 in II. and III. points vertically 
above those in which its projection meets 9 and 4 in I. 

Measuring horizontal distances from I. and verticals from II. 
and III. we can construct the position of 18 in a vertical plane 
drawn through it, as in V. 

The remaining straight lines can be found in the same way, 
using those already determined to fix the position of others. On 
the plate opposite the straight lines are all given. 

The simplest method of constructing a model of the straight 
lines is as follows. 

First make drawings of I., II., III. and IV. to a scale of three 
times that given in the plate, being very careful that the lines 
cut each other exactly in the ratios stated. 

Next draw each of the remaining lines to the same scale in 
the same manner as in V. Then take a drawing-board of any 
convenient size, probably it may be better to make the model 
exactly double the scale of the drawings for convenience of 
measurement. 
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On this drawing-board make a figure similar to I., it will not 
be necessary to draw the lines 1, 11, 18, but 4, 9, 13 should be 
marked, and the points along the edges at which all lines cut 
them. 

Consider the plane of the drawing-board as being a certain 
distance, about five or six inches at least, below the plane of I. 

It will be easy by the help of the drawings to determine the 
heights of any points on the straight lines, either on the edges of 
the figure, or at any other convenient points within it. 

When choosing these points the position of the projection of 
the line on the drawing-board may be obtained by fixing two 
drawing pins where it meets the edges, and joining them by a 
silk thread. 

A small model may be made on a much smaller board, the 
lines being passed through the eyes of needles fixed into corks at 
the requisite heights, the ends being tied down to the sides of 
the boards. In a larger model however it will be found more 
convenient, when the points have been marked down on the 
drawing-board, and the height of each indicated, to get blocks of 
wood in which uprights of the required height have been fixed. 
An upright may be of metal, or wood with a screw-eye at the top 
of it. If the measured height be not quite accurate these blocks 
can be moved backwards or forwards till the string is exactly ia 
position. The wire representing the line, passing through the 
screw-eyes, is firmly fixed at its ends to the edges of the board, and 
the blocks can be fixed by means of hinges, or pieces of wood 
glued at the side. 

The lines in the figures II., III., IV., should be first attached 
to uprights carefully measured and fixed in position, for three 
being in each vertical plane adjustment is more difl&cult. 

It will be found that some lines require to be attached to the 
board at one end, the other only requiring an upright support. 

The positions of the straight lines may be found by analysis 
by taking the equations given by Cayley of the forty-five planes : 
express the condition that the plane (9, 20, 25) that is the plane 
Imn (p — ^)^ + [Itn (i> — a) + 2?i] w = is at right angles to w = 0, 
and then take Z = — 3, m= — 2, n = 2^. Since a and ^ are known 
in terms of Z, m, n we can find the value of /?, and k, and all 
constants are known. Use areal coordinates. 

[See Collected Math. Papers by Cayley, Vol. i. Number 76.] 
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Art. 2. The form of the surface, except near and within the 
tetrahedron of reference, approximates very closely to a cone of 
two sheets. 

I. and XII. shew the shape of two horizontal sections of this 
cone at equal distances above and below the plane of the lines 
4, 9, 13. 

XIII. and XIV. are vertical sections through the origin making 
angles 45° and 150** with the plane of 4, 2, 12. 

One sheet of the surface formed by joining all points on the 
oval to the origin is in the shape of an ordinary oblique cone. 

The second sheet is traced out by the thick line drawn in 
XIII. and XIV. If we consider a vertical section through the 
origin first as passing through 4, and then revolving round axis z^ 
we find this line coincides at first with 4, then traces out a portion 
of the surface above the plane 4, 9, 13 till the section has revolved 
through an angle 90°, the line now coincides with 13, it then 
passes below the plane of 4, 9, 13. At 135° the line coincides 
with 9. 

Between 135° and 180° it is found above the plane of 4, 9, 13. 
At 180° it coincides with 4. At the same time the line produced 
backwards through the origin is tracing out similar portions 
respectively below, above, and below the plane of 4, 9, 13 from 
180° to 360°. 

The surface only coincides with this cone when the tetrahedron 
of reference is so small that it may be regarded as a point, but as 
before stated, the sections of the surface and the cone have very 
much the same shape except near the tetrahedron of reference. 

In general then, horizontal sections of the surface consist of 
an oval and three infinite hyperbolic branches touching asymptotes 
parallel to 4, 9, 13. Vertical sections parallel to the planes of 
(4, 2, 12), (9, 20, 25), (13, 14. 15), except in the vicinity of the 
tetrahedron consist of one infinite branch touching one horizontal 
asymptote (e.g. parallel to 4) corresponding to the second sheet of 
the surface, and two hyperbolic branches touching asymptotes 
parallel to the remaining sides (e.g. 2, and 12) caused by intersec- 
tion with the first sheet of the surface. 

Next to consider the shape of the surface in the vicinity of the 
tetrahedron of reference. 

Figs, numbered II. to XI. represent sections parallel to the 
plane 4, 9, 13. The right-angled triangle in each figure represents 
the projection of these lines upon the plane of the section. 

Dotted lines represent asymptotes. 
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In IL the section is above the plane 4i, 9, 13, and when moved 
a little nearer to this plane is as in IIL; it is found that a node 
has taken place at the point marked by the asterisk and the oval 
exists no longer but has become part of one of the hyperbolic 
branches. 

The changes are easily traced as the section moves nearer to 
4, 9, 13. An asterisk is used to indicate that a node is about to 
take place. 

In X. the section coincides with 4, 9, 13. 

The oval again appears for any section below this plane, 
as in XI. 

The equation of the surface in Cartesian coordinates can be 
found. For if we denote the equation to the plane 4, 9, 13 by 
(4, 9, 13)... the equation to the surface becomes 

Jlf(4, 12, 2) (13, 14, 16) (9, 7, 8) = (4, 9, 13) (12, 7, 15) (2, 14, 8). 

Take 4 and 13 as axes x and y, using rectangular coordinates 
We can either by measuring the intercepts of these planes on the 
axes or the coordinates of three points in each plane determine 
the equations to the planes. M can then be found by substituting 
in the equation the coordinates of any point on any other of the 
twenty-seven straight lines. 

If we take an edge of the tetrahedron in 4 or 13 as being 
12^ inches the equation to the surface in the case under con- 
sideration becomes — approximately — 

The equation to the cone to which the surface approximates is 

60a;y(4?+y+(4J)«)=2;(llj?+l()y+(27})«)(1047+14y-(12i);8). 

It will be observed that in either case the equation to any 
section found by putting z constant reduces to the form 

(d? — -4.) (y — jB) (a? + y — (7) + terms of the first degree = 0, 

which shews that the asymptotes are parallel to 4, 9, 13. A and 
B vary with z, and the sum of A, B, 0, in the case of the surface 
is very nearly 12 J, unless z is very large, and in the case of the 
cone is nearly zero. 

It is interesting to trace the points in which the twenty-seven 
straight lines intersect the different sections, and how nodes take 

Elace to allow of the intersection of lines on different sheets and 
ranches with each other. Space does not permit of these being 
given. 
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At a considerable distance from the tetrahedron : 

The straight lines in the first sheet in order are 2, 5, 14, 25, 6, 
12, 21, 24, 15, 10, 20, 3. 

In the second sheet we find, 4, 22, 27, 18, 17, 13, 23, 1, 19, 9, 
7, 8, 26, 11, 16. 

Art 3. The general equation given by Taylor may be put 
into the form 

{L + 1) {M+m)(N+n)(P -\^ p)xyzu = (-lx -{- My + Nz + Pu) X 
(Lx — my 4- Nz + Pu) (Lx + My — njz-^- Pu) (Lx + My + Nz —pa). 

It is evident that this surface can be constructed if we 
determine the ratios the constants Z, M, N, P, I, m, n, p bear 
to one another. 

If the tetrahedron of reference be a regular one, having all the 
edges equal, certain points of intersection seven in number taken 
upon the edges of the tetrahedron divide them in the ratios of 
these constants. If the tetrahedron be not regular these points 
still determine the ratios of the constants, but the lengths of the 
edges have to be considered. 

Take the tetrahedron as regular, the base being ADC, B the 
centre of the triangle marking the projection of the vertex of the 
tetrahedron upon the plane of ADG, 

In BD mark the point (12, 10). This determines the ratio M : p. 

In 52> produced (2,8). M : P. 

In ^i) produced (4,9) L : P. 

InDC (8,9) n : P. 

In DC produced (6, 1) N : P. 

In AC (1,3) l:N. 

In BA (4, 5). L :m. 

(4, 9), (4, 5) produced gives (4, 6) in BD, 

(6,1), (1.3) {1,2) in AD. 

(8, 2), (2.1) i2,3)mAB, 

(4, 9), (8, 9) (7,9)in^C 

(8, 2), (8, 9) (7, 8) in 50, 

(7, 9), (7. 8) (7, 12) in ^5, 

(7, 12), (10, 12) (11, 12) in AD, 

(6, 1), (4, 6) (5, 6) in BO, 

(3, 6), (4, 5) (6, 11) in AG. 

(5, 11), (11, 12) (10, 11) in DC, 

(1, 3), (2, 3) (3, 10) in BC. 
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These points detennine the positions of the lines nnmbered 
1 to 12. The lines 13, 14, 15 can be found by the method 
described in Art. 1. 

Since however the lines numbered 16 to 27 do not occur in any 
triangle with two other known lines, that is, those numbered from 
1 to 12, the method now fails. 

Therefore, since we know that 16 meets 1, 4, 7, 10 and 14 we 
can draw these lines on paper, or arrange them on a model, and 
find the position of 16 by a method of adjustment. 

When 16 is found, the remaining lines can be determined in 
the former way. 

« 

[On a special form of the General EqvxjiMon of a Cvhic Surfouce 
by H. M. Taylor, M.A. Philosophical Transactions of the Royal 
Society of London, Vol. 185. (1894).] 

(3) Exhibition of some photographs shewing the marks mude 
by stars on photographic plates exposed near the focus of a visual 
telescope. By H. F. Newall, M.A., Trinity College. 

[See Monthly Notices, R. Astron. Soc, Vol. liv.] 

November 12, 1894. 

Professor J. J. Thomson, President, in the Chair. 
The following Communications were made to the Society: 

(1) On the inadeqvKicy of the Cell Theory and on the develop- 
ment of Nerves. By A. Sedgwick, M. A., Trinity College. 

The author pointed out that the cell-theory in so &r as it 
implied that the organism was composed of cell-units derived by 
division from a single primitive cell-unit, the ovicell, would not 
bear the scrutiny of modem embryology, and that in fixing men's 
attention too much upon the cell as a unit of structure, it had had 
a retarding influence on the progress of the knowledge of struc- 
ture. He illustrated this latter point by reference to the current 
ideas on two important subjects : the structure of the embryonic 
tissue called mesenchyme, and the development of nerves. The 
mesenchyme is not composed of separate branched cells, but has 
rather a spongy or reticulate structure, and is continuous both 
with ectoderm and endoderm. Nerves do not develop as out- 
growths of the central organ, but arise in situ from the mesen- 
chyme. 

(2) Note on the evolution of gas by water-plants. By F. 
Darwin, M.A., Christ's College. 



\ 
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November 26, 1894. 

Professor J. J. Thomson, President, in the Chair. 

The following Communications were made to the Society : 
(1) On Benhams Artificial Spectrum, By Professor G. D. 

lilVEING. 

Professor Liveing exhibited one of Benham's " Artificial Spec- 
trum tops," and a variety of discs with figures in black disposed 
on a white ground, and with white figures on a black ground, 
which when revolved in a bright light shewed remarkable bands 
of colour of various shades of red, grieen and blue. The general 
result of his observations of these discs was that if a succession 
of black and white objects were presented to the eye with moderate, 
but not too great, rapidity, then, when black was followed by 
white, an impression of a more or less red colour was perceived, 
while when white was succeeded by black a more or less blue 
colour was perceived. If the succession of black and white was 
very rapid the appearance presented to the eye was of a more or 
less neutral green or drab. 

He found that for different people the rate of rotation necessary 
to produce the impression of a particular tint varied somewhat. 
When excentric or spiral bands of black were used, the impression 
on the eye was that of fringed bands, reddish on one side and 
greenish on the other. Sometimes the coloured bands seemed 
mottled or the colours appeared in flashes radiating from the 
centre of revolution. 

He did not feel at all satisfied with the explanation published 
by Mr Benham which, if he understood it, depends on a sort of 
Doppler principle, and is to the effect that the average number 
per second of stimuli affecting the eye is increased, or diminished, 
according as a black portion of a band followed, or preceded, a 
white ground, in the revolution of the disc. 

The only explanation Professor Liveing could himself offer, 
was based on the known facts that the impression produced on 
the retina by a bright object remained for an appreciable time 
after the light from the object had been cut off, and that the 
duration of that impression was different for different colours; 
and on a supposition, which he did not know to have been as yet 
verified experimentally, that the rapidity with which the eye 
perceives colours was greater for one end of the spectrum than for 
the other. From this point of view the explanation of the blue 
colour seen when white is followed by black would be that the 
impression of blue on the retina lasts a little longer than that of 
the other colours; while the red colour seen when white succeeds 
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black is dae to the greater rapidity with which the eye perceives 
red light than that with which it perceives blue. If however the 
alternations of white and black succeed each other with sufficient 
rapidity, the new impression of a white patch will be produced 
before that of its predecessor has vanished, and there will be an 
overlapping of impressions, and the sensation will be that of a 
mixture of colours, or of a more or less neutral tint. This is in 
accordance with the observation that if several circular bands, 
each partly black and partly white in equal proportions, are on 
the same disc, but in some of the bands the whole of the black 
parts is in one patch, while in others it is divided up into several 
patches, then, when the disc is rotated so that the band which 
presents only two alternations at each revolution is seen coloured, 
the bands which present a greater number of alternations are 
seen of a neutral tint. Also if the rotation is rapid enough the 
bands all appear of a neutral tint. 

So iar as he could test the theory by his own eyes it appeared 
to him that the residual impression, left when the light from a 
white object was suddenly cut off, was at first green and faded 
out through a more or less blue or slate colour. The object must 
not however be so bright as to dazzle the eye, the duration and 
colour of the residual impression might in that case be very 
different. He could see the colours of the discs best in bright 
diffiise daylight, and could see hardly any colour when the discs 
were in direct sunshine. 



(2) A simple test case of MaxweWs Law of Partition of 
Energy, By G. H. Bryan, M.A., Peterhouse. 

1. By Maxwell's Law of Partition of Kinetic Energy is meant 
the statement that, if the kinetic energy of a given system be 
expressed as a sum of squares, the mean values of these several 
squares taken over a large number of systems distributed accord- 
ing to a certain permanent or stationary law are equal. 

The following illustration will, I think, show very clearly, or 
at any rate will throw some light on, how far this law is (i) a 
possible, (ii) a necessary law, when the systems considered do or 
do not collide with one another. 

2. Consider a rigid body moveable about a fixed point or 
about its centre of gravity and acted on by no forces. The equa- 
tions of motion are 

^^•-(5-C)a).6,. = 0.&c (1), 
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£tn<l the kinetic energy takes the form of a sum of squares, viz. 

The angular velocities (o^ o),, o), and the corresponding angular 
momenta Ato^, Ba>^, Cto^ are proportional to what Boltzmann in 
his important paper "On the Elquilibrium of Vis Viva"* calls 
" momentoids " of the body, and they cannot be regarded as true 
generalised velocities or momenta to which Lagrange's equations 
are directly applicable. 

Now let flj, flj, fig denote the initial angular velocities of the 
body about its principal axes, G)p g)j, ©3 being its angular velocities 
at any time t Then g)^, (bl, ©3 are functions of fl^, ft^, fig and t, 
and we may readily show that the Jacobian 

a(fl„fl„fl3) "' 
the differentiations being made on the supposition t = constant. 

3. To prove this relation we have 
_d j a ( a)^ , ft),, 6)3) I ^ 8(ft)„ft>„ft)3) a(ft),,Q>,,ft), ) 8(ft>,,ft),,(tf,) 

dt [d (11., ii„ fig)} a(fi„ ftg, fig) "^ d (fi„ fig, fig) "*" a (fi„ fig, fig) • 

But by the equations of motion (1), 

dft). 



. 9(Q>pft>g,ft)3 ) ^« J V + /"^ H 

^a(fi,,fig,fi,) ^^ ^^"^[da^' afig 



afig' afig. 

If this determinant be written in full, with the operators 

an,' an,' an, 

arranged in columns, the first row is equal to cu, times the second 
row plus «i>, times the third, therefore the determinant vanishes, or 

a(a>„6>„a),) 

a(n„n„n.) "• 

Therefore — I ^K> «".'*"«) I _ n 

Iheretore d« ta(n.,n„n.)| -^' 

= 1. 

since its initial value is unity. 

* Translated in the Phil. Mag. for March, 1893. 
VOL. VIII. PT. IV. 19 
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4. Now let there be a very large number N of such rigid 
bodies all perfectly independent of one another. Let them be 
initially set in motion, in such a way that the number of bodies 
whose angular velocities about their principal axes initially lie 
between U,^ and flj + dft,, ft, and fl, + (ifl,, ftg and fl, + dft, is 

iv/(r) dn, . dn, . dft„ 

where the "frequency factor" /(T) is any function whatever of 
the kinetic energy. 

Then at any subsequent time t, it follows from the determi- 
nantal relation proved above and the constancy of the kinetic 
energy for each body that the distribution is given by 

Nf{T) doj . dcr)j . d«,, 

and is therefore the same as befora 

Hence the distribution is a permanent one, being independent 
of the time. 

5. Now r=i{^co,« + 5< + a«,"}, 

and we shall now show that with the above distribution the 
average kinetic energy is distributed equally among the momen- 
toids corresponding to co^ o),, o),, or that the average values of 

^Ac^,\ ifio),', i(7< 
are equal. 

For the average value of \A(a^ for all the bodies at any 
instant 



• 00 /•OO /•OD 



/•OD ftVO 000 

J —OOj —CoJ —00 



« ^tt /.M 



>»ao aqo /• od • 

J — to J — 00./ — w 

Writing ®,Vi^ = f, «,VJ-B = i?. «,ViC'={:, 

this becomes =^^/<f + ^' +mM^n^ 

and tlie average values of J£o),*, ^Cto* are evidently equal to the 
same expressioa This expression may be put in the form 

\ j'fiT) TUT^T f{T) T^dT. 

Hence Maxwell's law of partition of energy holds good in this 
case. 
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6. We now proceed to show that other distributions exist 
v^hich satisfy the condition of permanency and in which the 
enei^y is not distributed according to Maxwell's law. 

For the equations of motion have two integrals, one of these 
expressing the constancy of energy being 

A(o^ + B(o^ + Owg" = 2r= const, 

the other expressing the constancy of angular momentum being 

A^fo^ + 5»ft),« + 0*ft)3« = G^ = const. 

If now, we assume the frequency factor to be a function of O 
instead of T, ssi,yf{0)j so that the number of bodies whose angular 
velocities lie between w, and ©jH-dwj, o^ and (Oz + day^, q>3 and 



6i>3 + dQ>g is 



f{0) da>^ . do)^ . doD^y 



then precisely the same argument as before shows that this distri- 
bution is also a permanent one, being independent of the time. 

Also precisely the same argument as before shows that in this 
case the mean values of the quantities 

A'w,\ £•«,', CV 

are equal to one another, each being equal to 



II f{GP)0'dG^I f(0')0'dO. 

o Jo ^0 

Therefore the mean values of the portions of the energy 

Aa>,\ £<, 0< 

are inversely proportional to A, B, C and are unequal, so that 
Maxwell's law does not hold good. 

7. If we were to take the frequency factor to be a function 
both of T and 0*, we should have the most general distributions 
consistent with permanency, in none of which would the kinetic 
energy be distributed according to Maxwell's law. 

The present investigation shows that in order that Maxwell's 
law may hold, the freqttency factor f must be a function of the 
energy only, at least so far as concerns the generalized velocities, 
momenta, or momentoids which enter into it. 

Where, as in the present instance, other forms of the frequency 
factor are consistent with permanency Maxwell's law of partition 
although a possible law is not unique. 

19—2 
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8. When the different systems move about freely and collide 
with each other, as the molecules of a gas, it has been shown by 
Watson*, by Burbury-f* and by Boltzmann:|: that if the velocities 
and angular velocities about the principal axes be arranged 
according to the Boltzmann-Maxwell distribution 

Ne'''^ dudvdwday^ddD^da)^, 
that is 

N exp [- ^h {M(u^ + v" + m/*) + Aod* + Bo)* + Cay^^]] du. . .d©,, 

this distribution will be unaffected by collisions. From the present 
paper we see that it will also be unaffected by the free motion of 
the bodies between collisions, and therefore it satisfies all the 
necessary conditions of permanence. The mean values of 3/u*, 
Mv^y Mw*, Ao)*, Bo}*y Cwj*, are equal. The other distribution of 
§ 6 above, in which the mean kinetic energies due to the three 
principal rotations are unequal is, in general, no longer permanent 
when collisions can take place. In fact Boltzmann starts by 
assuming a distribution of the form 



^ 's/h\kjcjc^ exp [- h {u' + 1;« + iO»} - jfc,a>,» - k,(0,' - k,€0,'] du. . . d«„ 



and deduces that 



lb K. tC^ K^ 

M^A^B^C' 



9. An exceptional case is that in which each molecule (regarded 
as a perfectly smooth hard body) is symmetrical about an axis 
through its centre of inertia. The angular velocity about this 
axis will be unaffected both by collisions and by the free motion 
of the molecules, this angular velocity might, therefore, follow 

any law of distribution whatever. 

■ 

Any distribution of the form 

/(g)3) exp [- ^h {M(u' + i;» + w') + Aa>,' + ^<}] 

will therefore be permanent and /(©g) will not necessarily be 
proportional to exp [— ^ACwg']. 

The chief interest of this case lies in the fact, pointed out by 
Boltzmann, that since partition of energy only takes place among 

♦ Nature, Vol. xlv. March 81, 1892, p. 612. 
t Ibid, Vol. XLV. April 7, 1892, p. 633. 

X 'Ueber das Gleichgevricht der lebendigen Kraft zwiBohen progresBiver and 
Botations-Bewegung bei Gasmolekiilen,* Sitz. d, A\ Akad. zu Berlin^ Ln. Dec. 1888, 
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five of the six degrees of freedom, the ratio of the two specific 
heats 

m 5 

agreeing closely with the value found for air and most gases*. 

10. Another excej)tional case is that in which the molecules 
are regarded as smooth spheres or as centrobaric bodies repelling 
one another according to any law of force which is a function of 
the distance between their centres of inertia. Here, even if the 
bodies are not djmamically symmetrical about their centres of 
inertia, (as may be exemplified by smooth spheres containing 
hollow concentric ellipsoidal cavities,) the forces between them in 
a collision or encounter always pass through their centres of 
inertia and cannot affect their angular velocities about their 
principal axes. It is therefore not necessary in such cases that 
the mean kinetic energies of rotation about the principal axes 
should be equal to one another or to the kinetic energies of the 
components of translation. 

* Sitz. der k, Wiener Akad,, lxxiv. (ii.), 1876. Phil. Mag., March, 1893. 
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Monday, 28 January, 1895. 

Professor J. J. Thomson, President, in the Chair. 

The following resolutions were proposed by Professor Sir G. G. 
Stokes, seconded by Mr Glazebrook, and passed unanimously : 

I. "That the Cambridge Philosophical Society desires to 
express its sense of the great loss sustained by the University and 
the Society by the death of Professor Cayley ; whose eminence 
conferred honour on the Society, which reckoned him amongst its 
Presidents, and whose simple and earnest character was an example 
to all, and endeared him to those who knew him." 

II. "That the Society do now adjourn without transacting 
the business of the meeting, as a mark of respect to Professor 
Cayley." 

III. "That the President be requested to convey the fore- 
going resolutions to Mrs Cayley." 



Monday, 11 Fehruaryy 1895. 
Professor J. J. Thomson, President, in the Chair. 

The Treasurer's accounts were presented, duly audited. 

P. H. Cowell, B.A., Fellow of Trinity College, was elected 
Fellow of the Society. 

VOL. VIII. FT. V. 20 
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The following Commuoications were made to the Society: 

(1)* A Method of Comparing the Conductivities of BaMy Gen- 
ducting Substances for rapidly AUemating Currents. By Profeflsor 

J. J. ^OMSON. 

The method employed in the following experiments consists in 
making a secondary circuit of standard form made of the substance 
whose conductivity is to be investigated, and observing the effect 
produced by its presence on the alternating currents in a primary 
circuit. 

Before proceeding to consider the results of the experiments it 
will be convenient to discuss some points connected with the 
theory of the reaction of the secondary circuit on the primary. 
The first case we shall consider is that of the ordinary transformer 
when the electromotive force acting on the primary circuit is given. 
If this electromotive force is Eco&pt, and if X, My If are re- 
spectively the coefficient of self-induction of the primary, the 
coefficient of mutual induction between the primary and secondary 
and the coefficient of self-induction of the secondary; R the 
resistance of the primary, S that of the secondary, x the current 
through the primary, y that through the secondary : then we have 

L^^ + M^ + Rx=Ecospt, 

Solving these equations we find 

^L'Y + R'* ^ '' 

where 



L' = L- 






R = R+ ^'^ 



8*+ify 

_L'p 



tano= ^ . 



Substituting these values of L' and Bf in (1) we get 

■Eco8(pf — g) 



x= 



* The ehair was taken by Professor Sir G. G. Stokes, Vice President, whilst 
Professor Thomson read his paper. 
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Thus until S is less than 

2JS 

the maximum current through the primary is less than 

E 

which is the maximum value of the current when S is infinite or 
when the secondary circuit is broken. Thus we get the somewhat 
curious result that the current through the primary of a trans- 
former is less when the transformer has a slight load than when it 
has no load at all. 

The work absorbed by the transformer in unit time is 
^cosa 



i 



= i 



BPR' 



E'{S(LY-R')-^P^R(2LN^M')]MY i E'R 
* (8' + NY) {L'Y + R'^) {LY + ^') LY + LP ' 

The second term on the right-hand side of this equation is the 
work absorbed when the secondary circuit is open ;' if ip is greater 
than R, the first term is positive for all values of 8; hence the work 
absorbed in the primary is in this case always greater when the 
secondary is closed than when it is open. 

If R is small compared with Lp, we find from the preceding 
expression that the absorption of energy is greatest when 



8 



.(^-^. 



Thus if there is any magnetic leakage between the primary and 
secondary, i.e. if LN does not equal Jlf^, there is a definite resistance 
for which the work expended in the primary is greatest. 

We shall now consider the case when the currents which 
circulate through the primary are those produced by discharging 
a Leyden jar; we shall suppose that the primary circuit connects 
the inside and outside coatings of a jar whose capacity is G. Let 
X now denote the charge in this jar at any time, the rest of the 
notation being the same as before ; then the equations giving the 
currents through the coats are, 

*§^<'^''S^?-'' «■ 

20—2 
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M^+N^ + 8y = (2> 



Eniminating y we get 



^^+*S+^S+^'=« <^>' 

where 

If we had eliminated x we should have obtained a precisely 
similar equation for y. 

Now suppose we have a fixed coil in series with the primary 
circuit and we insert in this an exhausted bulb, which is the same 
in all experiments, a bright discharge will pass through the bulb; 
the brightness of diis discharge changes with the resistance of the 
secondary circuit. 

Since dx/dt is the current flowing through the primary circuit, 
the number of lines of magnetic force passing through the coil in 
series with the primary is proportional to dx/dt ; thus the rate of 
change of the number of fines of magnetic force passing through 
the bulb, and therefore the electromotive force acting on the bulb, 
is proportional to d^x/d^, we may therefore take 

as a measure of the brightness of the discharge in the bulb, 

the integration extending over the whole time of diischarge of the 

Leyden jar. 

c^x 
To find the value of this quantity multiply (3) by -j^ and 

integrate with respect to t, remembering that initially dx/dt = 0, 
and that finally a; and all its difierential coefiicients vanish: per- 
forming the integration we find 

-*^(S)>^/(S)'*-^/(S)"*-« (*). 

-^ j denotes the initial value of d^x/df^ Now multiply 
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dos 
(3) by -^ and integrate ; we get 

-^/(5y'^+^/(sy*-w=<> (^> 

when Xq denotes the initial value of x. 
We get from (4) and (5) 



/(§)■*=» 



BL-Ai! 



doc 
Since initially -^ and y both vanish, we get from (1) and (2) 



dt 



(d^x\ __Nx^ 
\df)'~GJ' 



fd?x\* 
Hence substituting the values of A, D, B, E and i^j we find 



f (d^xV , , a? • I J^^ 






LN-iP 



(NR + i/S) (^+ SB\-{LN-M*)^ 



...(6). 



The expression on the right-band side of the equation is least 
when 



If, as in the following experiments, RG is small compared with 



v/o(z--) 



we have 

8_ 

N" 



T^FD' 



Now NjS is the time constant of the secondary circuit when 
alone by itself in the field, while 



^cf(z-f) = r/2^. 



e in 
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where T is the periodic time of the electrical oecillations produced 
when the jar is discharged, the secondary circuit being in position. 

Thus K;!^) dt, and therefore the brightness of the discharg 

the bulb will be a minimum when the time constant of the secondary 
circuit is l/2ir times the time of the electrical oscillations. In the 
actual experiments the secondary circuit was a bulb which was 
filled with the substance to be examined; if the radius of the bulb 
is a and if <r is the specific resistance of the substance with which 
it is filled, then the time constant for the most persistent distribu- 
tion of current is ^KJ^jira-. Thus the specific resistance of the 
substance which has the greatest effect in diminishing the bright- 
ness of the discharge through the bulb is equal to Sar/T. Hence if 
we are using oscillations whose period is one-millionth of a second 
and if a' = 10, then the specific resistance when the brightness of 
the bulb is a minimum is 8 x 10^ Though the method will not 
be sensitive for comparing resistances close to this value, yet it is 
important to know the resistance when the dimness of the bulb is 
a maximum, as for resistances of quite a different order the effect 
of a change in the resistance will be too small to be appreciable. 
As the frequency of the electrical oscillations or the size of the 
bulb is increased the specific resistance of the substance which gives 
the maximum effect also increases. 

The heat produced in the secondary circuit is equal to 

Sffdt', 

the value of the integral can be calculated by the method used to 

Kd'xV 
T^ ) ^^» ^® ^^'^ 



|s»iij-h./Sf(i^i2»+^*)+i\p^r 



This is a maximum when 

S 



Method of making the Experiments. The method consists in 
observing the effect produced on the currents in the primary 
circuit by introducing a secondary circuit of standard shape made 
of the substance to be examined. The first arrangement I tried 
for effecting this object is shown in Fig. (1). 

The primary circuit GDEF connects the outside coatings of two 
Leyden jars, the inside coatings of which are connected with the 
terminals of a Wimshurst machine ; these terminals are furnished 
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li^itli brightly polished knobs, between which sparks pass discharg- 
ing the jars and starting alternating currents in the primary 
circuit; D and E are two coils wound on ebonite cylinders and 
made as nearly equal as possible in every respect. 




O and H are two equal coils placed in series, and so arranged 
that the electromotive force due to the induction between and D 
and between H and E acted in the opposite direction round the 
coils, the ends of the coils were connected to the spark gap KL, 
and the equality of the electromotive forces round the two coils 
was tested by the absence of sparks in the spark gap. One of the 
coils, 0, was provided with an arrangement by means of which 
portions of it could be short-circuited so as to enable the induction 
between it and the primary coil to be slightly altered, this served 
as a fine adjustment, the object of which was to make the induc- 
tion between and D equal to that between H and E, I found 
it however impossible to make the adjustment so accurately that 
there was a complete absence of sparks across the spark gap, the 
most I could do was to adjust the coils so that the length of the 
spark was a minimum. When this had been done a vessel 
containing the substance whose resLstance was to be investigated 
was placed inside one of the primary coils, say D, the eflfect of this 
was to increase the length of the spark gap; a similar vessel 
containing a solution of an electrolyte was thep placed inside the 
other primary coil, -B, and the strength of the solution changed 
until the spark length was reduced to its former value ; when this 
was the case the specific resistance of the substance in D was the 
same as that of the electrolyte in ^ : so that the resistance of the 
substance in D could be compared with that of an electrolyte of 
known strength. After many trials with this method I aban- 
doned it in favour of the following, which I found much more 
sensitive. 



264 Prof. Thomson, A Method of Comparing the [Feb. 11, 

In this there were two coils, A and B, in the primary circuit; in 
one of these the substance to be examined was placed, and in the 
other a bulb containing gas at a low pressure ; when the jars were 
discharged the alternating currents produced in the primary induced 
a luminous discharge through the rarefied gas in the bulb, and 
the brightness of the discharge senred as an indication of the 




Kg. 2. 

strength of the currents flowing through the primary circuit. 
The substances to be compared were introduced in spherical 
vessels of constant size inside the coil A, and the diminution their 
introduction produced in the discharge B observed; when two 
substances produce the same diminution they have the same 
specific resistance. The more easily the discharge passes through 
the bulb B the more sensitive is this method ; for this reason it is 
advisable to take some trouble in the preparation of this bulb; 
the most sensitive bulbs I obtained were made by adding a little 
bromine vapour to air at a very low pressure. . With these bulbs 
when a sphere about 3 inches in diameter filled with a mixture of 
1 c.c. of HjSO^ to a litre of water was introduced into A the 
diminution in the brilliancv of the discharge was quite marked ; 
if the sphere were filled with distilled water no effect was pro- 
duced. This arrangement serves very well to illustrate the laws 
expressed by equation (6). Suppose that we introduce into A a 
secondary circuit made of a good conductor, say a portion of a 
copper cylinder which nearly fits the coil. When this cylinder is 
introduced the discharge through B is brighter than when it is 
absent. This follows at once from equation (6). The brilliancy 

-73) ctt. Now 

we can get from equation (6) the value of / when the secondary 
circuit is absent by putting either Jkf = 0, or /S = « , in the right 
hand of the equation ; doing this we find 

^^^'&^LR ^^^' 

When the secondary circuit is present, then ii 8 i& very small, 
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ar the value of / by equation (6) is given approximately by the 
•- . equation 

f- '"^{^ ■ '''■ 

it is thus greater than the value of / when the secondary circuit 
is absent given by (7). Thus in this case the diminution in the 
effective self-induction of the primary circuit due to the presence 
of the secondary increases the brightness of the discharge. 

If we begin with the cylinder some way off and gradually 
lower it into the coil A we observe that at first the approach of 
the cylinder diminishes the brilliancy of the discharge, but after 
the cylinder gets within a certain distance of the coil the brilliancy 
of the discharge increases as the cylinder is moved towards the 
coil. Thus at first the diminution in the brilliancy due to the 
resistance of the cylinder overpowers the increase due to the 
diminution of the effective self-induction of the primary circuit, 
but when the cylinder gets close to the coil the latter effect gets 
the upper hand. This result follows from (6). In that equation 
1/(7 is such a very large quantity that it is only when the resist- 
ances of the secondary and primary circuits are exceedingly great 
that the terms which do not contain 1/(7 are comparable with 
those which do. When the secondary and primary circuits have 
as in the present case only small resistances, we may omit from 
the right-hand side of (6) all the terms which do not contain 1/(7 ; 
doing this we find 

^^ C {N'R + M'S)' 

The differential coefficient with respect to M^ of the denomi- 
nator of the right-hand side of the equation is proportional to 

-- 2M'8 ^ N (L8 - NR), 

as this is positive until 

We see that until M attains this value an increase in M such 
as that caused by the approach of the cylinder to the coil will 
diminish /, while after M has attained this value the value of / 
will increase as the cylinder approaches the coil. 

Resistance of Electrolytes for very rapidly alternating Electro- 
motive forces, I determined by this method the relative resist- 
ances of various electrolytes ; to do this bulbs of the same shape 
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and size filled with the different electrolytes were placed in the 
coil, and the effect they produced on the exhausted bulb in coil B 
Fig. (2) compared. In these experiments the electrolytes are 
exposed to electromotive forces of exceedingly high frequency, the 
frequency being that of the electrical oscillations produced by the 
discharge of the jar ; this was more than a million per second. 
The electromotive forces while they last are exceedingly intense, 
so that the circumstances under which the electroljrte is placed in 
these experiments are very different from those which obtain in 
the ordinary determinations of the resistance of electrolyte& 
I found however, as in my previous experiments on this point 
made by a different method {Proc, Roy. Soc. Vol XLV. p. 269 
(1889)), that the proportion between the resistances determined 
in this way was the same as for steady currents. A point I 
specially investigated was to see whether solutions of sulphuric 
acid showed the same peculiarities in the relation between the 
conductivity and the strength of solution as are found when the 
conductivities are measured under steady currents. 1 found, 
starting with pure water and gradually adding sulphuric acid, 
that at first each fresh addition of acid produced an increase in 
the conductivity, this went on until the solution contained about 
157o by volume of H,SO^, at this point the addition of acid 
produced too small an effect to be appreciable by this method ; 
the conductivity did not seem to change much until the solution 
contained about 607o by volume of H,SO.; at this point the 
addition of fresh acid produced an appreciable diminution in the 
conductivity of the solution, and this diminution went on as the 
strength of the solution was increased. Thus except that the 
method is not sufficiently delicate to detect the small differences 
of conductivity with the strength of the solution which occur in 
the neighbourhood of the state of maximum conductivity, the 
results obtained by this method agree exactly with those obtained 
with steady currents. 

The agreement of resistances obtained by using small electro- 
motive forces with those obtained by this method when lai^e 
electromotive forces are used is interesting inasmuch as it shows 
that these large electromotive forces do not appreciably increase 
the amount of dissociation of the electrolyte. 

Condtictivity of Flames. This is very easily shown by means 
of this apparatus. All that is necessary is to place in il an 
ordinary lamp-glass. When the flame from a Bunsen burner 
is placed under this a very marked diminution in the luminosity 
of the bulb in B is produced. 

Variation of the Gondtictivity of a Oas with the Pressure. This 
was determined by comparing the effect produced by a bulb filled 
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^with air at diiFerent pressures with the effect produced by bulbs 

of the same size filled with solutions of sulphuric acid of different 

strengths ; the conductivity of the gas was estimated by finding 

i^hich of the solutions produced the same effect on the luminosity 

of the discharge of the bulb in £ as the bulb containing the ^as. 

The bulb was connected to the air-pump by a flexible glass spiral 

^which allowed it to be lifted out of, or inserted, in the coil without 

disturbing the connection with the pump. When the air in A 

vras at atmospheric pressure it produced no effect on the bulb 

in B, indeed no effect was observed until the pressure in the bulb 

in A was reduced to that due to 3 or 4 millimetres of mercury ; 

£kt this pressure, though no discharge of any kind was visible in the 

tulb, the pressure of the bulb produced a distinct effect upon the 

luminosity of the bulb in JS, and this effect rapidly increased 

until at a pressure of between 1 and 2 millimetres it attained 

its maximum value. During these stages there was no discharge 

visible in the bulb in the coil A; on further diminishing the 

pressure the effect on the bulb in B diminished until the pressure 

got so low that the ring discharged began to appear in the bulb. 

When this stage was reached a diminution in the pressure increased 

the effect on the bulb in B ; the ring discharge in A got brighter 

and brighter, and the conductivity seemed to go on increasing 

as the pressure was reduced. It was only after very protracted 

pumping that a stage was reached when a further diminution in 

pressure produced a diminution in the conductivity. 

Thus if we represent the effect of the bulb in A upon the 
luminosity of the one in B by the ordinate of a curve of which 
the abscissa represents the rarefaction, we get a curve similar 
to that shown in Fig. 3. The existence of the first maximum 




Fig. 3. 

is very remarkable especially as it is not accompanied by any 
luminosity of the gas. I have come to the conclusion that 
although at this pressure the electromotive force is not sufficient 
to send a ring discharge through the gas, yet there is a dark 
discharge from the inside of the glass m the neighbourhood of 
the coil of wire, due to the high potential which tnis coil attains 
at some phases of the discharges of the jars. That there is an 
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effect of this kind is shown by the appearance at a slightly lower 
pressure, which however is still too high to allow the ring discbarge 
to pass, of a velvety glow over this part of the glass. This electric 
discharge from the glass sends charged atoms into the body of the 
bulb, and these moving under the electromotive forces endow 
the gas with the conductivity which is evidenced by the dimming 
of the discharge through the bulb placed in the coil B. 

Conductivity arising from Chemical Action between Two Gases. 
When there are free charged atoms in a gas, the gas will be a 
conductor, and its conductivity can easily be tested by the method 
described in this paper. I thought it would be of interest to 
test whether chemical action between gases was accompanied by a 
temporary disengagement of free charged atoms, if this were the case 
the gases would be conductors while the chemical action was 
going on. The first experiments I tried consisted in letting 
hydrochloric acid and ammonia gases mix in b, bulb placed inside 
the coil A, but though there was evidently vigorous chemical 
combinations going on between the gases I was unable to detect 
any sign of conductivity. A similar want of success was met 
with when a mixture of hydrogen and chlorine at atmospheric 
pressure was exposed to diffuse light. Here again no conduc- 
tivity could be detected. In other cases I was more successful, 
for when HjS and Clj were mixed at atmospheric pressure and 
chemical combination in consequence took place, a most decided 
effect was produced on the bulb in B, showing that the gas in A 
was now a conductor; the effect on B ceased after a time, but ^ 
if there was an excess of one of the gases to begin with it would 
always be renewed by bringing in a fresh supply of the other 
gas. When NO was being liberated in the bulb in il by the action 
of nitric acid on copper and oxidised in the air, considerable 
effect was again produced on the bulb in JS, showing that this 
oxidation was accompanied by conductivity. In another case of 
oxidation I also observed the same effect, as I found that the 
steam from boiling water containing phosphorus possessed con- 
siderable conductivity. These examples are sufficient to show 
that in many cases of chemical combination the charged atoms 
are liberated to an extent sufficient to allow the positive atoms to 
move one way, the negative atoms the other, under the influence 
of the strong electromotive forces acting upon them in these 
experiments. 

Another experiment I tried was to see whether the formation 
of a rain-cloud was attended by any separation of positive and 
negative electricity. A bulb containing air saturated with water- 
vapour was placed inside A and connected with a Fleuss pump, J 
a few strokes of the pump produced a cloud in the bulb, but 
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[ could not detect any trace of conductivity during the formation 
3f the cloud. In this experiment the apparatus was sensitive 
enough to detect the conductivity of a mixture of 1 c.c. of H,SO^ 
in a litre of water. 

(2) The Calibration of a Bridge Wire. By E. H. Griffiths, 
M.A., Sidney Sussex College. 

The ordinary methods of calibration involve changes in the 
arrangement of the connections, during the operations, and thus 
extreme care has to be observed to secure equality in the resis- 
tance-contacts. It is chiefly on this account that the process 
of calibration is invariably a lengthy and tedious business. In the 
method I am about to describe the only contacts altered through- 
out the observations are potential-contacts, and thus no attention 
need be devoted to securing their equality. 

Let AB be the wire that is to be calibrated. (Its total resist- 
ance should first be approximately determined in the ordinary 
manner.) 

Let Sj and S, be two cells of nearly equal electromotive 
force, preferably two large storage cells. (Their absolute equality 
is not essential.) 




In series with AB place some resistance R^ sufficient to 
prevent any rapid fall in the E. M. F. of the cell 8^, 

Make the total resistance of the circuit C^ approximately equal 



to the total resistance of the circuit (7^. 
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We mmy aasame that under these conditions the rate of fall 
in the E. m. F. of the two cells S^ and S^ will be the same. (In 
pnctice I have found that a rough approximation in the total 
resistance of the two circuits is sufficient to secure the necessary 
equality in the rate of fialL) 

Having decided as to the minimum lengths of AB which are 
to be compared, place two contact makers on the bridge wire 
(as at d, and P,) separated by (approximately) this minimum 
length. Connect one of the wires from the contact maker P^ with 
a h^h resistance galvanometer {G) and then with the circuit C7,, 
to some portion of which it should be soldered (at P,). The wire 
from d^ must pass directly to the second circuit and be shifted along 
it until G shows no deflection ; it should then be soldered in place 
in order to prevent any movement during the subsequent opera- 
tions. 

The contacts d, and P, are then moved along AB^ their 
distances being re-adjusted whenever shows a deflection. 

If a reversing key is placed at K the final calculations are 
simplified by proceeding as follows. Place d^ at A and adjust P.. 
Next lift d, over P, towards B^ reverse K^ and then adjust a, 
leaving P, unaltered and so on. Thus lengths of equal resistance 
can be determined without any overlapping of the parts thus 
found, a matter of great practical convenience. 

The only contacts moved throughout the operations are those 
at c2, and P, and also those (if the reversing method has been 
adopted) of tne key at K. AH these contacts are potential ones 
and therefore any variation in them is of no consequence. It 
is advisable to place the resistances JS, and JB, in the same tank 
of water or paraffin, and thus the results will be practically 
unafiected by changes in their temperature. 

The contact c2, should occasionally be placed in its original 
position, and if the reading of P. is then found to be unaltered we 
have proof that the rate of fall in the £. M. F. of the two cells 
is identical. If any alteration is shown a time chart can be con- 
structed in the manner usually adopted when comparing cells by 
the Poggendorf method, and any corrections introduced which 
may be found necessary. 

The accuracy of the calibration thus performed depends on 

(i) The potential gradient down AB. 

(ii) The sensitiveness of the galvanometer. 

(iii) The accuracy with which it is possible to measure the 
length diPj. 

It is not advisable to make the potential gradient steeper 
than is necessary, as the inequalities of the wire would be exag- 
gerated by any excessive rise in temperature, that rise being 
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:> ^eatest when the wire is thinnest. Now (i) can be altered at will 

: by adjustment of i2, whereas (ii) and (iii) are not under control to 

a: the same extent. The greatest value of 12, should be used that is 

c% compatible with the limits given by (ii) and (iii). 

Let E be the D. p. of the storage cells. 

^ Let e be the smallest D. P. which will visibly influence the 

' galvanometer. 

Let r be the resistance of the bridge wire. 

Let I be the length of the bridge wire (in mm.). 

Let \ be the smallest difference in the distance between the 
] points d. and P^ which can be directly determined by 

the linear measurements. 

Let iJi be the total resistance of the circuit (7^, exterior to the 
bridge wire. 

Now the value of Ri should be so selected that the D. p. at 
the ends of a portion of the bridge wire of length \ shall be e. 

This will be the case if 

r\ 
e J 



hence 



E R, + r* 
E 



^=-(f-i-i) («)• 



A good high resistance galvanometer will (according to my 
experience) when properly adjusted be visibly affected when the 
D. P. of its terminals is 10~' volts, if the conditions as to absence of 
vibration etc. are favourable ; while a difference of 10"' volts will 
give a decided swing. It is safe to assume that a D. P. of 6 x 10~* 
volts can always be detected. If the contact makers are supplied 
v^ith verniers giving O'l mm. then 005 mm. is about the limit 
of accuracy of the linear measurements. I assume therefore that 
under ordinary conditions e = 5 x 10"* and \ = 0'05 mm. 

Suppose that a wire of length 1 metre and approximate re- 
sistance 1 ohm is to be calibrated, and that storage cells are used, 

we have E^2, Z = 1000, r = l. 

Hence eq. (a), we get B=19 ohms. 

And, as we may neglect the internal resistance of the storage 
cells, the resistance R^ should be 19 ohms, while the total resis- 
tance of the circuit (7, should be 20 ohms. 

Under ordinary circumstances a wire is not calibrated until it 
has been finally fixed into the instrument of which it is to form a 
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part. A slight modification of the method I have here described 
enables a rough determination of the evenness of the wire to be 
made before placing it in situ, and thus much trouble may be 
saved, if the wire is found to be so unequal as to lead to its 
rejection. 

In this case the contact makers d^ and P^ can be fixed by 
shellac to a slip of ebonite at any convenient distance apart. .They 
are then brought in contact with the bridge wire and d^ adjusted 
on the other circuit, as before described. If the ebonite is then 
slipped along AB so that d^ and P^ are continually in contact 
with the bridge wire the swings of the galvanometer will serve 
as a sufficient indication of the equality of the different portions 
of the wire *. 



Ifote, February 25th, 1895. 

Since the communication of the preceding paper to the Philo- 
sophical Society, my attention has been directed to the fact that 
the account of a somewhat similar mode of calibration, due to Yon 
Helmholtz, was published by Giese in Wied. Ann., Vol. xi. p. 440, 
1880. The method there described is dependent on the fall 
of potential down the wires of two separate circuits. When I 
made my communication I was, of course, unaware that this 
principle, obvious as it is, had been previously applied. The mode 
of application is, however, entirely distinct from the method I 
have adopted, which is free from many causes of error inseparable 
from that described, by Giese. The chief points of difference are 
as follows. Suppose a third point of contact m between d^ and P^, 
and let this point m be connected with a key in such a manner 
that the wires leading from the galvanometer and from d^ can be 
placed first in connection with d^ and m and secondly in connec- 
tion with m and P^. If the deflection of the galvanometer is the 
same in both cases, then the resistance of d^m is equal to the 
resistance of mP^, and thus by slightly shifting m the resistance 
(ijPjCan be bisected. 

Hence it is obvious that changes in the resistance of the 
contacts at d^m and Pj will affect the galvanometer-deflection as 
also will changes in the resistance of the key-contacts by which 
the connections are shifted. Also changes in temperature of the 
galvanometer would affect the resistance of its coils, and thus 
influence the swing. Again, as pointed out by Giese himself, any 
falling off in the electromotive force of the cells S^ and S^ will 

* In the disonssion on this oommnnication it was pointed ont hy Prof. Ewing 
that this method would be a convenient one to use in those cases where the wire 
was to be made approximately uniform by scraping. 
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affect the galvanometer readings even if the rate of fall of both 
batteries is the same. 

I do not see, therefore, that the Von Helmholtz method, as 
described by Giese, has any advantage over the ordinary Wheat- 
stone's- Bridge method of Calibration, except in so far as it affords 
an independent mode of investigation. 

My method was specially designed to eliminate the causes of 
error above enumerated, and, although I now find that I cannot 
lay claim to priority as far as the use of a double circuit is 
concerned, the methods are in all other respects so essentially 
different that I leave my communication unaltered in the hope 
that it may be of use to others. 



Monday, 25 February, 1895. 
Mr R T. Glazebrook, Treasurer, in the Chair. 

Mr C. J. Lay, Fellow of St Catharine's College, was elected a 
Fellow of the Society. 

The following Communications were made to the Society : 

(1) On Binocular Colour-mixture, By W. H. R. Rivers, 
M.D. Lond., St John's College. 

There has been much difference of opinion among workers 
in physiological optics on the question of the occurrence of 
binocular colour-mixture. Volkers, Dove, Regnault, Foucault, 
Brucke, Fechner, Ludwig, Panum, Hering, Aubert, Forster and 
Chauveau are among those who have seen the appropriate 
mixture-colour when a different colour-stimulus is presented 
to each eye; but several observers of the greatest eminence, viz. 
Wheatstone, Meyer, Volkmann, Meissner, Funke and Helmholtz 
have been unable to satisfy themselves that binocular mixture 
occurs. 

The object of the present paper is to bring forward the fact 
that binocular colour-mixture may be observed in the after-image, 
and to consider some possible causes of the different results which 
different observers have obtained. 

I may mention first that there are two methods by which 
I can most readily see, and show to others, binocular mixture, 
viz. that described, by Hering ^ of which I show a modification 
devised by Mr E. T. Dixon, and by means of Wheatstone's stereo- 
scope. I see the mixture better with this than with Brewster's 

1 Hermann's Handbuch d, Physiologie, Bd. in. S. 598. 

VOL. vm. PT. V. 21 
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form of the instrument, a mixture-colour appearing which is not 
to be distinguished in colour-tone from that obtained by ordinary 
methods of mixture. 

I also see good binocular mixture when the combination 
of two coloured patches is brought about by appropriate con- 
vergence or divergence of the visual axes; and it is chiefly by 
the help of this method that I have observed mixture in the 
after-image. If two patches, a red and a blue for instance, are 
combined by directing the visual axes so that they would meet 
beyond the patches, three patches are seen. In the central patch, 
the rivalry of the visual fields shows itself as a change from one 
colour to the other, with a transient mixture in the intervals of 
change. In my own case, after 10 to 20 seconds, the rivalry 
ceases or becomes almost imperceptible, and I see a purple patch 
correspnding to the proper mixture-colour, often with slight 
variations of colour-tone in the direction of one or other of its 
components. If, after further fixation, I close my eyes, or look 
at a grey surface, I see under fetvourable circumstances three 
after-images; blue-green on one side from the red; yellow on 
the other side from the blue ; and a green or yellowish-green in 
the centre from the combined purple patch. In many cases the 
three after-images cannot be seen simultaneously, but a green 
or yellow-green image is seen which can be recognized to differ 
in colour from the after-image of either the red or the blue. 
In other cases, especially when the original mixture has not 
been good, and the rivalry has not ceased, change of colour may 
be seen to take place in the central image ; i,e. the phenomenon 
of rivalry of the retinal fields may be observed in the after-image. 
The experiment succeeds with any colours, including those com- 
plementary or approximately complementary to each other ; thus, 
with a green and red patch, I obtained as binocular mixture a 
yellowish-grey ; the central after-image was a bluish-white which 
differed very greatly both in tone and saturation from the blue- 
green and pink lateral images. The experiments require some 
practice to enable one to keep up steady convergence or di- 
vergence of the eyes for a sufficient time to obtain good after- 
images, but the same results may be obtained when the binocular 
combination is brought about by other means, as by Wheatstone's 
stereoscope. The nature of the experiment does not admit of 
satisfactory comparison of the colour of the after-images with 
objective colours; but, so far as I can judge, the central after- 
image has the colour which would arise from mixture of the 
colours of the lateral images, and also, so far as I can judge, is 
complementary to the mixture-colour of the two patches used, 
and it seems to me impossible to explain this in any other way 
than by binocular colour-mixture. 
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In the literature of the subject I have only been able to find 
mention of experiments in this direction in papers byFechner* 
and Chauveau*. Fechner looked at a white patch on a black 
ground, holding a coloured glass before each eye, blue before 
one, and yellow before the other. The patch appeared white, 
and this was ascribed to binocular neutralization of the two 
complementary colours. He then removed the glasses, and the 
patch remained white, which was held to prove that the after- 
images also neutralized each other by binocular mixture; on 
doubling the patch by convergence or divergence of the visual 
Bixes, each patch appeared coloured ; on uniting again, the patch 
appeared white. I have repeated the experiment and it is a 
very striking one, but I do not think it affords satisfactory 
evidence of binocular mixture in the after-image. Under the 
conditions of the experiment with glasses complementary in 
colour to each other, a colourless after-image is necessary to 
prove the existence of mixture, and in order to obtain it a white 
patch is looked at with its whiteness heightened by contrast with 
a black background. The influence of a white sur&ce in masking 
the perception of colour is well known, and in using such a white 
patch Fechner was taking the best means of obscuring any colour 
v^hich might otherwise appear. In other words; in order to prove 
the existence of a subjective white, Fechner looked at an objective 
white. 

This is not merely a theoretical objection. I repeated Fechner's 
experiment using glasses not complementary to each other, green 
and yellow, red and blue. The combined after-images, which 
should now have occurred, were violet or green, but using 
Fechner's conditions the patch remained white, and I could see 
no trace of colour in it. I then repeated the experiments using 
grey patches of different degrees of darkness instead of white, 
and by their means I obtained appearances which I think showed 
the existence of binocular mixture in the after-image, but I 
obtained no results as definite as with the method I have de- 
scribed above. Chauveau's experiments were almost identical with 
those of Fechner and are open to the same objections. The ex- 
periments of Fechner and Chauveau are mentioned by Titchener', 
who has raised another objection to them, viz. that the appear- 
ances described may partly at any rate depend on contrast. 

Ebbinghaus^ has described "binocular after-image,'* but this 
expression is used by him to describe quite a different pheno- 
menoD, viz. the after-image which appears in one visual field 
when the stimulus has been presented to the other eye. 

^ Abhand. d, kdnig. sdcTu. Gesellschaft, Bd. lxx. S. 469. 1861. 
^ Comptes rendtM de VAcad. des Sciences, T. ozni. p. 894. 1891. 
» Philos. Studien, Bd. viii. S. 243. 1893. 
* Pjmger's Archiv, Bd. jam. S. 498. 1890. 

21—2 
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One of Helmholtz's* objections to the reality of binocular 
colour-mixture was that the appearance obtained might depend 
on after-imagea He describes an experiment in which he com- 
bined a pink and a green patch ; after fixation of some duration, 
he was able to call the combined image grey, but on closing each 
eye, he found that his grey was monocular and not binocular: 
that the retina exposed to pink had become fatigued to pink 
and consequently saw the pink as grey, and so with the other 
eye to green. If he had gone one step further and had closed 
both eyes, he would probably have seen a colourless image, 
which could only have been explained by binocular colour- 
mixture. 

I bring forward this after-image phenomenon chiefly as an 
additional fact in favour of the existence of binocular mixture, 
but it might also be held to throw light on the vexed question 
of the seat of after-images, and might be held to favour the 
view that they are centml phenomena. This does not however 
seem to me to be necessary. If an after-image depends upon 
a definite physiological process in the retina, the occurrence of 
mixture in the after-image would be explained by the same 
process of central fusion as will explain binocular mixture in 
general, a process however which we do not yet understand. 

As regards the second point of my paper, various suggestions 
have been offered to explain the failure of some observers to see 
binocular mixture. Bezold* and Dobrowolsky' believed that the 
diflSculty in sfeeing the mixture depended on the difference of 
focus for different colours. They found that a binocular mixture 
of red and blue occurred more readily when a weak concave 
glass was held before the eye exposed to blue. It is possible 
that equal refraction may be the cause of failure in some cases, 
and possibly in that of Helmholtz, for in the account of his ex- 
periments, he describes one colour as seen through the other. 
In my own case, however, and in the case of several others who 
have made observations for me, the equality or inequality of 
refraction has no influence, and mixture is equally well seen 
whether the concave glass is placed before the eye exposed to 
red or to blue. 

Dobrowolsky also suggested that difference in the power of 
unequal accommodation of the two eyes in different individuals 
might be of importance. It is a disputed point whether unequal 
accommodation ever occurs. Experiments of Bonders and Hering 
are generally held to have disproved its occurrence. A. E. Fick* 

1 Handbuch d. phys. Optik, !*• Aufl. S. 779. 

3 Annal. d. Physik. u, Chemie, 1874. Jubelband, S. 585. 

» PJluger'8 ArcMv, Bd. x. S. 66. 

* Archivf. AugenheHkunde^ Bd. xiz, S. 123* 
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has more recently advocated its existence, but his results were 
criticised by Hess^ and the latter has described experiments which 
go far towards disproving the occurrence of unequal accommoda- 
tion sufficient to overcome a difference of as little as '25 D between 
the two eyes. 

From observations I have made, it seems possible however that 
the refractive condition of the eyes may influence results in 
another way. I see binocular mixture better with my abnormal 
refraction uncorrected, and better still when my myopia is in- 
creased by convex glasses. Others who have made observations 
for me have seen the mixture better when their normal vision 
has been made artificially myopic or hypermetropic by convex 
or concave glasses. The improvement seems to depend on dimi- 
nution of the rivalry of the visual fields owing to blurring of 
outline, and it is possible that neglect to take account of the 
refractive condition of the eyes may be one cause of the difference 
of opinion, and in the accounts of the experiments of most of 
the observers I mentioned at the beginning of this paper. I 
have been unable to find any reference to the refraction of their 
eyes. The influence already considered of difference of focus 
for different colours would be most marked in those whose re- 
fraction was normal. 

Some observers, as Volkers* and Chauveau', on the other hand 
have insisted on equality of the two eyes as a necessary condition 
of success. Chauveau equalised the two eyes by placing before 
each five plates of white glass 1 mm. in thickness. He found 
this sufficient in most cases to correct any slight difference be- 
tween the two eyes ; and, when not sufficient, he removed one 
or more of the plates from one side. Chauveau was obviously 
doing more than equalising the two eyes, and may have been 
favouring mixture by blurring outline, and thus diminishing rivalry 
in the way I have suggested above. 

(2) On a new Parasite probably allied to Echinorhynchvs, By 
A. E. Shipley, M.A., Christ's College. 

The specimens described came from the skin of a bird Hemigna- 
thus procerus, taken by Mr Perkins in the Island of Kauai, one of 
the Sandwich Islands. 

The body of the parasite consisted of three well-marked regions, 
(i) the head which was pitted and reticulated in a characteristic 
manner, (ii) the collar, and (iii) the trunk. No spines or hooks 
were found in the head, but it is possible a hooked proboscis may 
have been left behind in the skin of the bird. 

1 Archivf. Ophth., Bd. xxxv. Abh. i. S. 167. 

» Archivf. Anat. t*. Phys, 1838. S. 60. ' loc. ciU 
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The most striking feature in which these parasites resemble 
Echinorhynchus is in the structure of their skin and in the presence 
of the extensions of the skin known as LemniscL The skin 
consists of an outer fibrous layer, with no cell outlines. This 
is pierced by numerous channels or spaces and is continuous with 
two Lemnisci or processes hanging down in the body cavity. The 
fluid which is found in the spaces of the skin can be withdrawn 
into the Lemnisci. Within this layer is a muscular sheath. 

The body cavity contained numerous ova and aggregations of 
small cells whose exact nature was not clear. There were traces 
of ducts leading to the exterior at the posterior end. Although 
owing to the state of preservation of the parasites, many details 
coula not be made out, the structure of the skin and the presence 
of Lemnisci strongly support the view that we have in these 
parasites animals which if they do not belong to the family of the 
Echinorhynchidae are at any rate nearly allied to them. 

(3) Notes on Pachytheca (with exhibition of specimens). By 
A. C. Seward, M.A. St John's College. 

The genus Pachytheca from Silurian and Devonian rocks of 
Britain and Canada has been a subject of discussion among palaeon- 
tologists ever since its discovery in 1853. Several writers have 
placed the fossil among algsB, and this position has been assigned 
to it on the grounds of a supposed resemblance of its histological 
structures to that of certain recent genera. An examination of a 
series of microscopic sections prepared by Mr Storrie of CardiflF 
has led me to doubt the sufficiency of the evidence on which 
the comparison with any existing alga has been based, and to regard 
Pachytheca as an organism of uncertain position which might well 
receive attention at the hands of zoologists. 
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Monday, 29 April, 1895. 

Mr F. Darwin, Vice-President, in the Chair. 

Mr E. T. Dixon, Trinity College, was elected a Fellow of the 
Society. 

Mr E. J. Bles was elected an Associate. 

The following Communications were made to the Society : 

(1) Exhibition of Palophits tiaratus (a Stick-insect from 
Mashonaland). By Dr D. Sharp. 

(2) A new method for the estimation of the Specific Gravity of 
Tissues. By Walter S. Lazarus-Barlow, M.I)., Demonstrator 
of Pathology in the University. (From the Pathological Labora- 
tory, Cambridge.) 

In a communication by the author to the Royal Society upon 
the Pathology of the Oedema which accompanies Passive Con- 
gestion published in the Philosophical Transactions of last year, 
a method of obtaining the specific gravity of muscle is given 
which consists of a modification of Roy's method for estimating 
the specific gravity of blood. It was pointed out that amongst 
the difficulties in obtaining a correct result, one of the chief 
depends upon the fact that the glycerine with which Roy's solu- 
tions are made up so rapidly abstracts water from the muscle 
that after a few seconds the tissue invariably sinks in a fluid in 
which perhaps it floated at first. A second and also important 
diflSculty was that so many pieces of muscle were necessary in 
order to arrive at a satisfactory result that the process not only 
took some little time but also involved considerable destruction 
of muscle. It was in order to obviate as far as possible these 
two difficulties that the method to be described was adopted. 

The ideal method is one which should require only one piece 
of muscle from which no fluid should be abstracted or added 
during the process of estimation of the specific gravity. This 
could of course be obtained by using superposed layers of fluids 
of different specific gravity which have no affinity for water, but 
since the pathologist or physiologist wishes above all to deal with 
the tissues in a state as little altered from that in which they 
are in the body it is clear that the fluids used should be such 
as would not damage the muscle or other tissue. 
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Many varieties of miscible fluids of diflerent specific gravities 
were thought of and tried, for it is only necessary to have two 
fluids on either side of the extremes of the specific gravity of the 
tissues in order to be able by mixing them in dififerent proportions 
to obtain a series of fluids of known specific gravities, but since 
these different fluids acted injuriously on the tissues thenaselves, 
it is unnecessary to mention them. The material to be used was 
indicated to me in reading a paper by Heffter* in which he speaks 
of gum-arabic as being a suitable nutrient fluid for experimental 
work on the heart-muscle. He says that the amount of work the 
frog's heart can perform when fed with a solution of gum-arabic 
is greater than that which it can perform with many apparently 
more nearly physiological nutrient media, such as solutions of egg- 
albumen, &c. It follows therefore that we have here a material 
which dissolved in water can be made up into solutions of different 
specific gravity and which moreover will do as little damage as 
possible to the fresh tissue immersed in them. Further, though 
water certainly diffuses into gum solutions it diffuses with great 
slowness so that it was probable that the specific gravity of the 
tissue might be obtained before a sufficient amount of water had 
been abstracted to lead to any considerable modification of the 
initial specific gravity. 

Solutions of gum-arabic in water were therefore made of 
specific gravity (as estimated by standard hydrometers) varying 
from 1050 to 1080, viz. those most usually required. Alternate 
fluids were coloured with a minute quantity of solid methylene 
blue. The fluids were placed in bottles similar to the ordinary 
"wash" bottle and the cork was covered with paraffin. A crystal 
of thymol was placed in each bottle to prevent growth of micro- 
organisms. Fluids have been kept in this way without modifica- 
tion in specific gravity for over a year. When an estimation was 
required the fluids were carefully placed in order in a large test- 
tube, the fluid having the highest specific gravity being placed 
first and the others above it in their order. There was thus 
obtained a column of fluid consisting of sharply-defined blue and 
yellowish bands each of which corresponded to a different specific 
gravity. The piece of tissue being now removed from the body 
and rapidly cleaned from blood, &c. on filter paper a portion is 
placed gently in the uppermost fluid, care being taken to avoid 
the entanglement of bubbles of air. It sinks rapidly through 
the upper layers but more slowly as it reaches those layers with 
which its own specific gravity more nearly corresponds until in 
some one layer or more commonly at the line of junction between 
two layers it obviously finds some obstacle to its further descent 

^ Heffter, TJeber die Emahrung des arbeitenden Frosohherzens. Arch. /. exp. 
Path, u. Pharm,, 1892, Vol. xxix. p. 60. 



1895.] for the estimation of the Specific Gravity of Tissues. 281 

and almost completely comes to rest. This layer corresponds to 
the specific gravity of the tissue. 

The advantages of the method so far as concerns the tissue 
have already been given, it is necessary to notice how the actual 
fluids behave and especially how far they diffuse into one another. 
If such a column of fluid be made and left undisturbed the bands 
will be absolutely distinct after 24 hours though the edges 
of course are not so clearly defined, while after 48 hours it ob- 
viously consists of deeper and paler bands of blue. Since even 
a long experiment of the kind in which the method would be 
employed rarely lasts above 8 hours at the most, diffusion of the 
layers of fluid into one another may be neglected \ 

It is plain that when several pieces of tissue have been placed 
in the same column of fluid there is a tendency for portions of the 
upper layers to be dragged downwards by the falling mass of 
tissue and therefore for the layers to become mixed, but it is 
remarkable how little of the superincumbent layers is thus carried 
down. This can be seen by watching a piece of tissue in its 
course through the yellow bands. A small amount of the super- 
jacent blue band is carried down, but this rapidly returns to 
its own proper region by reason of its inferior specific gravity 
so that it is quite possible to take ten or twelve estimations in 
the same column of fluid. The principal disadvantage in the 
method is that diffusion of water though slow nevertheless takes 
place from the muscle into the gum solutions and therefore that 
the piece of muscle does not absolutely come to rest until it 
reaches the bottom of the test-tube. After a little practice how- 
ever it is quite possible to distinguish a difference of one degree 
in specific gravity. Since the differences actually noticed in 
experiment vary from about two degrees to eight or ten degrees 
when variations do occur, the disadvantage is not nearly so serious 
as might appear^ while the possible margin of error is not so great 
with gum solutions, since a piece of muscle takes as many minutes 
to sink through the same number of degrees after it has reached 
that layer which coincides with its own specific gravity as in 
the case of glycerine solutions it takes seconds. 

^ The possibility that diffusion of the colour might not be an indication of the 
diffusion of the solutions was borne in mind, and therefore by small pipettes fluid 
was taken from the various layers after the column had stood for some time and 
the specific gravity of each estimated by Boy's method. It was found that this 
possible source of error does not exist, and that after several hours the specific 
gravity of any individual layer is the same as it was when it was first placed in the 
column, provided the fluid taken up in the pipette did not come from either the 
upper or lower margin of the layer. 



282 Pro/ Maccdister, On a Collection of Crania [April 29, 



(3) On a Collection of Crania from the North- West Provinces 
of India. By Prof. A. Macalister, F.R.S. 

The University Museum has received from Professor Havelock 
Charles, of Calcutta, a most interesting and valuable series of 
Crania, including twenty-three from the North- West Provincea I 
must in the first instance return my best thanks to Professor 
Charles for his kindness in supplying a much-felt want in our 
-University Collection. 

There are many features of interest presented by these crania, 
and they are well worthy of a careful description. As, however, 
the pressure of official work has prevented me from giving the 
time and labour necessary for the doing of this work I have asked 
Mr Comer, B.A., of Sidney Sussex College, to undertake the task. 
This he has willingly and skilfully done, and I therefore desire to 
present to the Society his monograph in place of my own. I have 
gone over some of the critical part of his work, but his measure- 
ments have been done so carefully that they have needed no 
revision. 

Mr Raymond Horton-Smith, B.A. of St John's College has 
kindly examined the crania from Bengal, and has with great 
judgment and skill made all the measurements necessary and has 
drawn up a most careful and useful account of them. I have 
added his paper also, which supplements the description of the 
other series. 



On Crania from the North- West Provinces of India. By 
E. M. Corner, B.A., B.Sc. Lond., Scholar of Sidney Sussex 
College. 

At Professor Macalister's suggestion I made an examination of 
the skulls in the Anatomical Museum from the North- West Pro- 
vinces of India. There 'are twenty-three of these. The age, 
caste and sex are recorded upon each as well as the place from 
which it came. Fourteen of these skulls come from Panjab; 
five from Patna; one each from Peshawur, Kabul and near the 
Khyber Pass. And again one, indefinitely, from the North-West 
Provinces of India. Of this last skull the caste is not recorded. 
It is taken into this paper in order to complete the set of skulls. 
The Patna series do not strictly speaking belong to the North- 
West Provinces. 
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The castes, of which there are representatives among these 
skulls, are as follows : 

1 skull of each of the following; Kabuli, Eajput, Dusadh, 
Brahmin, Dhanuk, Musahar, Sansi (gipsy). 

2 skulls of each of the following ; Mussulman Jat, Chuhra and 
Pathan. 

4 skulls of low caste Hindoos. 

5 skulls of Panjabi Mussulmans. 

The sexes are as follows : twenty male ; two female. 

The following is a short summary of the peculiar points in each 
skull : 

1213. Skull of male Hindoo of low caste from Panjab. The 
age is 60 years. 

Synostosis of the sutures has occurred at the bregma, the sagittal 
suture, the lambda and the upper portions of the lambdoid suture. 
The portions of the coronal sutures, from just below the stepha- 
nion, are synostosed. The nasal suture is also synostosed. The 
skull is symmetrical and cryptozygous. The estimation of the 
latter point was conducted as described by Turner (Challenger 
Reports, Vol. x., Pt. xxix.). Supraorbital foramina are present. 
Supraciliary ridges slightly marked. 

1218. Skull of male Hindoo of low caste from Panjab. Age 28. 

Sutures are complicated. There is a large epactal bone present 
and four lambdoid wormian bones. The last molar tooth on the 
left side of the upper jaw projects directly backward, having 
pierced the maxillary tuberosity ; that on the right side is un- 
developed. The supraciliary ridges are hardly marked. There is a 
small depression just above the lambda. The skull is symmetrical, 
rounded and ciyptozygous. 

1222. Skull of male of Chuhra caste from Panjab. Age 30. 

Sutures very complicated. There is a wormian bone at the 
lower end of the coronal suture on the right side. There is a small 
pteriac bone at the upper end of the squamo-sphenoidal suture. 
Three lambdoid wormian bones are present. The naso-frontal 
suture is situated at the bottom of a very deep groove. The 
sagittal suture lies in a depression near the bregma but is on a 
ridge near the lambda. The supraciliary ridges are slightly 
marked. The angle of the lower jaw is everted. The skull is 
symmetrical, rough, heavy and phaenozygous. 

1223. Skull of male of Sansi caste from Panjab. Age 30. 

Sutures are complicated. One epactal bone, four lambdoid and 
three coronal wormian bones are present. The nasal suture is 
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synostosed. The lambda is raised. A median frontal ridge extends 
forward from the bregma towards the ophryon. The coronal 
suture is on a ridge near bregma. The supraeiliary ridges are 
slightly marked. The skull is heavy, very irregular, rough and 
phaenozygous. The right occipital condyle is divided into two 
separate portions. 

1227. Skull of Panjabi Mussulman. Age 40. 

Synostosis has occurred at the sagittal suture, lambda, lambdoid 
suture (incompletely); also the lower part of the coronal suture, 
from just below stephanion, and the fronto-sphenoidal sutures are 
synostosed. The styloid process is constituted of two parts. A 
supraorbital foramen is present on the left side. The supraeiliary 
ridges are well marked. The occiput is prominent. The skuU 
is symmetrical and phaenozygous. 

1228. Skull of Panjabi Mussulman. Age 45. 

The sutures are simple. One small lambdoid wormian bone is 
present. There is a depression behind the coronal suture. The 
styloid process is long. The supraeiliary ridges are slightly marked. 
The skull is symmetrical and phaenozygous. 

1229. Skull of Panjabi Mussulman. Age 25. 

The sutures are complicated. Four lambdoid wormian bones 
are present. Skull is flattened above the lambda. Supraeiliary 
ridges slightly marked. The occiput is prominent. Skull sym- 
metrical and cryptozygous. 

1230. Skull of Panjabi Mussulman. Age 50. 

Sutures of cranium almost completely synostosed. Skull is 
flattened above the lambda. A supraorbital foramen is present on 
left side. Supraeiliary ridges slightly marked. Skull symmetrical 
and phaenozygous. 

1249. Skull of Panjabi Mussulman Jat. Age 38. 

Sutures are complicated. One lambdoid wormian bone pre- 
sent. Sagittal suture is on a crest. Coronal and lambdoid sutures 
slightly raised. A depression is present behind the coronal suture ; 
the occiput is prominent, the supraeiliary ridges are slightly 
marked, and there are supraorbital foramina on both sides. The 
angle of the lower jaw is everted. The skull is symmetrical and 
phaenozygous. 

1707. Skull of Mussulman Jat from Panjab. Age 45. 

Sutures are complicated. Six lambdoid wormian bones are 
present, and the portions of coronal suture below stephanion are 
synostosed. There is a depression behind the coronal suture. 
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A supraorbital foramen is present on the right side. The supra- 
ciliary ridges are small. The occiput is prominent. The skull 
is symmetrical and phaBnozygous. 

1701. Skull of Panjabi Mussulman. Age 40. 

There is partial sjmostosis of coronal, sagittal, lambdoid and 
nasal sutures. The synostosis of the coronal suture is complete 
below the stephanion. The parietal eminences are large. A de- 
pression exists above the lambda. The occiput is very irregular 
and prominent. Supraciliary ridges slightly marked. Skull 
symmetrical and phaenozygous. 

1700. Skull of male of Chuhra caste from Panjab. Age 45. 

Synostosis as in skull 1701, but less complete. A depression 
exists behind the coronal suture. There is a supraorbital foramen 
on the right side. The occiput is prominent. Supraciliary ridges 
small. Angles of lower jaw are everted. Skull symmetrical and 
phaenozygous. 

1212. Skull of low caste Hindoo from Panjab. Age 40. 

Sutures are complicated. Six lambdoid and one large coronal 
wormian bones present. Nasal suture is very asymmetrical. Supra- 
orbital foramina on both sides. A flattening is present just above 
lambda. The occiput is prominent; supraciliary ridges slightly 
marked. Skull asymmetrical (left side large) and cryptozygous. 

1211. Skull of low caste Hindoo from Panjab. Age 30. 

Sutures are complicated. A slight flattening exists just above 
the lambda. A pteriac wormian bone is present on the right side 
and three on left side. Two lambdoid wormian bones present. 
Nasal suture is irregular. Parietal tubera prominent, and 
supraciliary ridges slightly marked. Skull symmetrical and 
sphsenozygous. 

1220. Skull of male of Musahar caste from Patna. Age 60. 

Sutures are complicated. The interparietal bone, two lambdoid 
wormian bones and one pteriac wormian bone are present. The 
occiput is prominent. A small knob of bone is present just 
below and in front of the stephanion on the right side; nasal 
suture is irregular and the supraciliary ridges very slightly 
marked. Skull symmetrical and cr3rptozygous. 

1221. Skull of male of Dhanuk caste from Patna. Age 55. 

Sutures are complicated. One epactal bone is present. Supra- 
orbital foramina present on both sides. Nasal suture is asym- 
metrical. Occiput is prominent. Supraciliary ridges very slightly 
marked. Skull is symmetrical and phaenozygous. 
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1224. Skull of female from the N.-W. Provinces. Age 26 ? 

Sutures are fiurly complicated. One interparietal bone and 
three lambdoid wormian bones present The portions of coronal 
suture just below the stephanion, and the fronto-sphenoidal sutures 
are synostosed. The nasal suture is irregular. Depressions are 
present behind the coronal suture and just above the lambda; 
supraciliary ridges are small and smooth. Skull symmetrical 
and phaenozygous. 

1225. Skull of male Rajput from Patna. Age 40. 

Sutures are simple, and partly synostosed. The coronal suture 
below the stephanion is completely synostosed, and the nasal 
suture is irregular. Slight depressions above the lambda and 
behind the coronal suture on the right side. Parietal eminences 
are large. Supraciliary ridges slightly marked. Skull is sym- 
metrical and phaenozygous. 

1226. Skull of Brahman from Patna. Age 56. 

Sutures simple. Three interparietal bones, one epactal and two 
lambdoid are present, also two pteriac bones. The bregma is 
raised, and from it a median frontal ridge extends towards the 
ophryon. Supraciliary ridges very slightly marked. The skull 
is symmetrical and ph»nozygous. 

1250. Skull of male Patban from near the Khyber Pass. 
Age 40. 

Sutures simple. Two epactal bones are present. The vomer 
is much displaced to the lefb. A pteriac bone is present on the 
left side. Supraciliary ridges are well marked. Skull is large, 
sjnnmetrical and cr3rptozygous. 

1703. Skull of female of Dusadh caste from Patna. Age 30. 

Sutures are very simple, and a right coronal wormian bone is 
present. The occiput is very prominent. A supraorbital foramen 
is present on the left side. Supraciliary riages very slightly 
raised. Skull is symmetrical and phaenozygous. 

1752. Skull of male Pathan from Peshawur. Age 30. 

Sutures fairly complicated. Portions of coronal suture below 
stephanion are partially synostosed. Parietal eminences are promi- 
nent. The centres of the squamous portion of the temporal bone 
are exceedingly thin. The nasal suture is irregular, and the 
supraciliary ridges are well marked. The skull is symmetrical 
and cr3rptozygous. 

1702. Skull of male Kabuli from Kabul. Age 30. 

Sutures are simple, the lambdoid suture is complicated by very 
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numerous wonnian bones. Supraorbital foramina are present on 
both sides. The occiput is irregular and prominent. SupraciUary 
ridges are very slightly raised. Skull asjmametrical (left side large) 
and cryptozygous. 

In most of these crania from persons over 30 years of age, 
those portions of the coronal suture that lie just below the 
stephanion are synostosed. Eight of the skulls are cryptozygous 
and fifteen phsenozygous. There is no relation between the 
cryptozygous condition and the size (i.e. cranial capacity) of the 
skull ; No. 1220, that of a Musahar from Patna, with a capacity of 
1005 cc, and No. 1250, a Fathan from near the Khyber Pass, of 
1747 cc. capacity, were both cryptozygous. 

Two of the skulls present a median frontal crest, extending 
from the bregma forwards and fading away towards the ophryon. 
The other cranial sutures of the skull are also sometimes ridged. 
These ridges may be seen in skulls 1222, and 1249. Behind 
the coronal suture in six skulls, on both sides, and in one, 
on one side only, there is a depression. 

In sixteen skulls supplementary bones are present. These 
consist of interparietal or epactal bones, or wormian bones, in the 
lambdoid, sagittal, coronal, squamo-sphenoidal and squamo-parietal 
sutures. 

The supraciliary ridges were prominent in only three skulls. 
In the remaining twenty skulls they were slightly marked and the 
brow usually smooth. 

In one skull (1233) of male of the Sansi (or gipsy) caste a third 
occipital condyle was present upon the right side. 

Only two of the skulls presented marked asymmetry. In both 
of these the bulging was on the left side. 

The greatest glabello-occipital length was 195 mm. This was 
in the skull of a low caste Hindoo male, 1213. The next to this 
was 192 mm. in two skulls, both of males, of Chuhra (1222) and 
Pathan (1250) respectively. The smallest glabello-occipital dia- 
meter was 168 mm., in the skull of a male low caste Hindoo 
(1218). The next were 169 mm. in the skull of a male Dhanuk 
(1221) and 170 mm. in the skull of a male Musahar (1220). 

The greatest ophryo-occipital diameter is 194 mm. in a low 
caste Hindoo male skull (1213). The least, 168 mm. in the 
skulls of a low caste Hindoo male (1218) and in the Dhanuk male 
skull (1221). 

The greatest breadth was 141 mm., in two skulls, one of a 
Panjabi Mussulman (1701) and one of a male Pathan (1250). 
The least was 121 mm., in two skulls, one a male Musahar 
(1220) and the other in a female Dusadh (1703). 
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TABLE II. INDICES, NUMERICAL. 
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^ J rS '3 3 •-§ oS 2^ o-jS 6-« 
©•S, -g a S -a 45 'aits •sStj'fitJ'STS 

8KU. ca8« y| 5 a a ^ s. §g ssssss 

Low caste 1 
1213 Hindamale,> 60 68-20 72*30 89*81 47*17 87*50 101*85 — — 54*97 78*25 
Panjab ) 

1218 ditto 28 74*40 76*78 92*46 67*50 82*85 114*58 — — 48*27 61-53 

1212 ditto 40 70*70 69*15 97*o6 42-30 94*74 113*20 85*95 116*85 56*19 76*40 

121 1 ditto 30 71*43 78*78 93*97 50*00 86*49 125*49 90*32 120*43 50*80 78-49 

"" Panjab **{ 3° 6979 74*43 86*00 44*68 77*50 121*27 80*64 107-52 53-22 70*96 

1700 ditto 45 68*28 72-58 91-00 44-00 87-50 103-68 — — 56-19 78-40 

Sansi male. ) ^ » o ^ 

"*3 Panjab J ^o 7379 7505 93*33 4629 8000 130*00 84-44 107-61 55-55 71*42 

Massulmani 

1249 Jat male, [ 38 70*05 75*40 98*00 41*51 82*50 105*55 88*28 121*50 57-03 78*49 

Panjab j 

1707 ditto 45 74*03 75*69 91*09 54*oo 82*05 120*00 87-87 117*17 53*03 60-55 

MoBsnlmani 

1227 male, I 40 71-59 67*61 95*73 46*92 84-61 11 1-76 84*48 124*70 54*03 78*82 
Panjab j 

1228 ditto 45 72*62 70*39 95*87 53*70 87*18 105*66 80*00 107-21 54-61 73-19 

1229 ditto 25 72*88 72*72 91*90 48-98 81*58 118*00 7967 112*64 57-72 81-60 

1230 ditto 50 73*22 72*13 94*00 47*17 87*50 112*96 — — 56-06 74*74 

1701 ditto 40 77-04 72*73 98*98 54*90 87*80 118*57 82-53 106*32 53-96 67-59 

Musahar 1 

1220 male, > 60 71*17 70*58 93*69 44*44 88*57 121-56 96*49 113*40 58-77 79-49 
Patna ) 

Dhanuk ^ 

1221 male, V 55 79*70 75*15 101*06 41*07 81-58 — — — 53*6o 71-27 
Patna j 

female, ] 

1224 N.-W. |-26? 70*69 73-15 96-77 45*65 97*14 1 1000 — — 59*46 7582 
Provinces J 

Rajput 1 

1225 male, V 40 76*79 72*37 100 49*00 97-50 93*10 100*90 119*17 69-36 81-91 
Patna ) 

Brahmin ^ 

1226 male, \ 55 75-88 76*47 97-85 52-08 89-17 120*82 84-61 iio'oo 52-13 61-55 
Patna ) 

Pathan ] 

1250 male, > 40 73*44 75*00 94*76 53*70 9500 119*60 82*35 109*80 47*05 62-74 
nr. Ehyber Pass) 

Pathan | 

1 251 male, > 50 84*3 79*2 97*00 44*4 83*3 120*7 88*7 122*9 56-4 78-1 
* Peshawur ) 

Pathan ] 

1252 male, v 30 74*17 71*43 95*09 51*16 83*21 100*00 — — 55*oo 75*00 
Peshawur j 

Dusadh "\ 
1703 female, \ 40 69*54 70*68 94*68 51*06 86*84 iii'76 — — 53 70-00 
Patna j 

Eabuli ) 
1702 male, j. 30 8532 8o*i2 98*95 47-91 7692 1 11-32 7669 107-36 50*37 70*52 
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The greatest height was 144 mm. in the skull of a male 
Fathan (1250). Three skulls measured 141 mm., viz. Hindoo male 
(1213), Chuhra male (1222), and Mussuhnan Jat (1249). The 
least height was 119 mm. in the skull of a male Panjabi Mussul- 
man. That of a male Musahar was 120 mm. 

The greatest bizygomatic breadth was 136 mm. in the skull of 
a male Pathan (1250). The skull of a male Sansi (1223) came 
next with 135 mm. The least were in the skull of a Rajput male 
(1225) 111 mm., and a male Musahar (1220) 114 mm. 

The greatest bimaxillary diameter is 105 mm. in the skull of 
a Sansi male (1223). The next is 102 in that of a male Pathan 
(1250). The least is 85 mm. in that of a Panjabi Mussulman 
(1227). 

The largest minimum frontal diameter is 104 mm. in a male 
Pathan skull (1250) : the least is 87 mm. in four skulls. 

The greatest fronto-malar chord was 101 mm. in three skulls; 
the longest fronto-malar arc was 111 mm. The least chord was 
87 mm. in the skull of a female of indefinite caste from the 
N.-W. Provinces (1224); and the smallest arc 96 mm. in the skull 
of a male Pathan (1252). 

The interorbital length, as measured by distance from dacryon 
to dacryon, ranged from 29 mm. in the male Pathan skull (1250), 
to 17 mm. in two skulls; in seventeen it varied between 20 mm. 
and 25 mm. 

The longest nasal length was 56 mm., the shortest 40 mm. 
The greatest width was 29 mm., and the least 20 mm. 

The greatest height of the orbit was 41 mm., and the least 
35 mm. The greatest width was 30 mm., and the least 29 mm. 

The greatest length of the palate was 58 mm. and occurred in 
one skull, the least was 47 mm. The greatest width was 
64 mm., and the least 54 mm. The greatest nasio-mental length 
was 116 mm., the least nasio-mental length was 98 mm. 

The greatest nasio-alveolar length was 77 mm., the least was 
56 mm. 

The greatest basio-alveolar length was 101 mm., the least was 
86 mm., in two skulls. 

The greatest nasio-basial length was 108 mm., the least was 
93 mm. and occurred in four skulls. 

The greatest horizontal circumference was 533 mm. Next to 
this come two skulls with 530 mm. The least was 468 mm., and 
next to it come 475 mm., 477 mm., and 478 mm. 

The greatest longitudinal circumference was 597 mm. Next 
to this come 594 mm. and 590 mm. The least was 520 mm., and 
next to it come 532 mm., 535 mm. and 542 mm. 

Cephalic index. 

This index ranges from 68*20 to 85*32. Eighteen of the skulls 

22—2 
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are dolichocephalic, four are mesaticephalic, and one is brachy- 
cephalic This last skull is that of a male Eabuli, from Kabul. 
The indices of the majority lie between 68 and 74. 

Vertical index. 

This ranges from 67*61 to 80*2. Seven of the skulls are tapeino- 
cephalic ; fourteen are metriocephalic ; two are akrocephalia The 
most akrocephalic is the skull of the male Kabuli. The indices 
of the majority lie between 70 and 75. 

Onaihic index. 

This ranges from 86*00 to 101-06. Eighteen of the skulls are 
orthognathous, five are mesognathous, and none are prognathous. 
There are two skulls with indices of 101*06 and 100 respectively. 
These belong to a Dhanuk male and a Rajput male respectively. 

Nasai index. 

This ranges from 41*07 to 67*60. Twelve of the skulls are 
leptorhine, six are mesorhine, and five are platyrhine. In one low 
caste Hindoo male the index is 67*52. It is separated widely from 
the next, which is 54*90. 

Bisley, in his book on the Tribes and GaMes of Bengal, 
(Vol. I., Ethnographic Glossary, p. xxxiv), says, "Thus, it is scarcely a 
paradox to lay down as a law of the caste organisation in Eastern 
India that a man's social status varies in inverse ratio to the width 
of his nose." He was led to this conclusion from a vast number of 
observations taken on the living in several districts, including 
the Panjab, the North-West Provinces and Oudh. While this 
may be true for the nose in the flesh, the present observations on 
the dry skull do not show that there is a corresponding length of 
the nasal skeleton in the higher castes, but as they are only taken 
from a series of twenty-three skulls their value is small The 
following is a list of the skulls, with their castes, arranged in order 
of the value of their nasal indice& 



Nasal index. 


Caste etc. 


Sex. 


SkoU. 


41-07 


Dhanuk. Patna 


male 


1221 


41-57 


Mussulman Jat. Panjab 


male 


1249 


42-30 


low caste Hindoo. Panjab 


male 


1212 


4400 


Chuhra. Panjab 


male 


1700 


44-44 


Musahar. Patna 


male 


1220 


44-68 


Chuhra. Panjab 


male 


1222 


45-65 


N.-W. Provinces 


female 


1224 


46-29 


Sansi. Panjab 


male 


1223 


46-92 


Mussulman. Panjab 


male 


1227 


47-17 


low caste Hindoo. Panjab 


male 


1213 


47-17 


Mussulman. Panjab 


male 


1230 


47-91 


Kabuli. Kabul 


male 


1702 f 
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48*98 MuBSulman. Panjab male 1229 

49-00 Rajput. Patna male 1225 

50*86 low casta Hindoo Panjab male 1211 

51*06 Dusadh. Patna female 1703 

51*16 Pathan. Peshawur male 1252 

52*08 Brahmin. Patna male 1226 



53*70 Mussulman. Panjab male 1228 

53*70 Pathan. Near Khyber Pass male 1260 

54*00 Mussulman Jat. Panjab male 1707 

54*90 Mussulman. Panjab male 1701 

67*50 low caste Hindoo. Panjab male 1218 

Observation on the position occupied by low caste Hindoos in 
this table shows that the width of nose test of Risley seems here to 
be inapplicable to skulls. The first low caste Hindoo is the third, 
the next the tenth most leptorhine noses. Both these should 
then rank above, for instance, the Rajput, and with another low 
caste Hindoo above the Brahmin. The Brahmin barely escapes 
the epithet of plathyrhine. The diflFerences between him and the 
three low caste Hindoos higher than him in their indices are 
10'41, 4*92 and 1-12 respectively. 

These numbers indicate that many castes are heterogeneous. 
Risley, in the volume mentioned above, shows how that some men, 
having become independent landed proprietors, etc., enrol them- 
selves in one of the leading castes, the favourite one bein^ the 
Rajput. They finally intermarry and become recognized Rajputs, 
and thus the difiiculty is increased manifold. On this point see 
Prof. Charles's paper, Journal Asiatic Soc, of Bengal, Vol. LXiii., 
Part iii. No. 1. 

Orbital index. 

This ranges from 76*92 to 97*50. Nine of the skulls possess 
microsome orbits, nine mesoseme, and five megaseme. 

PaiaMne index. 

This ranges from 77*49 to 103-70. Hence all skulls, in which 
this index was at all reliable, i.e, twenty in number, are markedly 
dolichuranic. The clusters are at 80, 85 and 96. 

Facial indices. 

i. Nasio-mental and bizygomatic index. 

This ranges from 93*10 to 130. The indices cluster at 80 
to 85. 

ii Nasio-mental and bimaxillary index. 
This ranges from 10612 to 124*70. 
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iiL Nasio-alveolar and bizygomatic index. 
This ranges from 47 05 to 69'36. 

iv. Nasio-alveolar and bimaxillary index. 
This ranges from 60*55 to 81-91. 

Cranial capacitiea. 

These are very various and range between 1005 c.c. to 1747 c.c. 
The former is the skull of a male Musahar (1220), and the latter of 
a male Pathan (1250). Eleven skulls are microcephalic ; seven are 
mesocephalic ; five are macrocephalic. Four of the microcephalic 
skulls are very small. The capacity of these are 1005 c.c, 1100 cc, 
1107 cc, 1140 cc. The second and third of these belong to 
females, one of the N.-W. Provinces (caste not mentioned) and one 
of Dusadh. The second most macrocephalic skull is of a Kabuli 
(1702). Eight skulls range from 1410 cc. to 1485 cc Five 
skulls have capacities between 1235 and 1275. 

Palate indices. 

Ten skulls are brachyuranic, six are mesuranic, and six are 
dolichuranic 

Prof. Macalister has directed my attention to two papers by 
Professor Charles in the Journal of Anatomy (Vol. xxvi. p. 1, and 
XXVII. p. 5) on Indian Crania. In these he points out that many 
of the caste divisions are religious and not tribal, as members 
of some castes can raise themselves in the social scale, and he 
quotes a native proverb, " Last year I was a Sweeper, this year I 
am a Shekh, next year if prices rise I shall be a Saiyad." 

Professor Charles believes the microcephalic crania to be those 
of aboriginal races and the macrocephalic to be descendants of 
more recent invaders coming from the north-west. This seems 
rather borne out by the greater capacity of some of my N.-W. 
skulls contrasted with the Bengal skulls ; those from the extreme 
N.-W. Peshawur and Kabul being the largest. The measurements 
given by Professor Charles on the whole agree with mine ; and he 
has also noticed the occun*ence of supplementary bones in 64 per 
cent, of his crania. 

I find that I had overlooked the skull of a male Pathan, 
No. 1231, as it was out of its proper place in the Museum. I have 
however inserted its measurements in the table, it is large, brachy* 
cephalic, and has the highest facial index of any in the collection. 
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(2) A Description of Bengal Crania. By R. J. Hobton-Smtth, 
B.A., Scholar of St John's College, Cambridge. 

The following ei^ht crania from Bengal, of which I propose to 

five a brief description, were presented to the University Museum 
y Pro£ Havelock Charles. They belonged to individuals who 
died in hospital and whose history is consequently known. Pro£ 
Macalister exhibited some of them at a meeting of the Philo- 
sophical Society a short while ago, and at his request I have 
undertaken to describe them. 

Of the eight skulls six are male and two female. The measure- 
ments and indices are given below, but a few words about each 
here may not be out of place. 

Skull 1214. Belonged to a low caste Hindoo, 40 years old and 
of the male sex. On the right side are two epipteric bones and 
one wormian bone in the lambdoid suture ; there is a very small 
epipteric bone on the left side, as well as another wormian bone in 
the left lambdoid suture. The sutures, on the whole, are rather 
simple. 

Skull 1215. This cranium belonged to a male Hindoo of the 
high Kayasth caste, age 32. Two wormian bones exist in the left 
lambdoid suture, near the asterion; there are also two in the right 
lambdoid suture. The greater part of the right occipito-mastoid 
suture is obliterated. 

Skull 1216. This was the cranium of a male Hindoo of 
the Kayasth caste, age 40. The sutures are simple. On both 
sides wormian bones are to be found in the lambdoid and squamous 
sutures; epipteric bones exist also on either sides and wormian 
bones in the right occipito-mastoid suture. 

Skull 1217. Male Hindoo: coolie by occupation, aged 18. The 
sutures are rather complicated, especially in the case of the coronal 
suture. On the right side there is a wormian bone in the 
squamous suture, near the pterion. Three large and many minute 
wormian bones exist in the right lambdoid suture, while there are 
five in the left suture. 

Skull 1219. Low caste Hindoo female, aged 30. The coronal 
suture below the stephanion is nearly obliterated. The sutures 
are very simple. There is only one wormian bone present ; this is 
to be found in the right lambdoid suture. 

Skull 1263. Skull of a Mussulman, aged 30; by occupation a 
coachman. There is a very large interparietal bone, 93*5 mm. broad 
and 55 long, as well as two wormian bones at the right asterion 
and a few minute bones of a similar kind in the right half of the 
coronal suture, and in the suture joining the interparietal and 
supraoccipital bones. The sutures are fairly simple, with the 
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exception of those between the parietal and interparietal bones ; 
these are complicated, though somewhat obliterated. 

Skull 1704. Belonged to a low caste Hindoo female, 25 years 
old. The sutures are moderately simple, but there are three 
epactal bones, one wormian bone in the right lambdoid and four 
in the right parieto-mastoid sutures. There is also a similar bone 
at the right asterion. On the left side are five wormian bones in 
the parieto-mastoid suture and two in the lambdoid sutura 

Skull 1705. This is a Mussulman's skull. The man died at 
the age of 23 or 24. The sutures are fairly simple. There are 
two wormian bones in the right lambdoid suture and one in the 
left, as well as a wormian bone in the right parieto-mastoid suture. 

A striking point about these skulls is the enormous quantity 
of supplementary bones present. There is not one of them but has 
at least one such bone, while the great majority have always a 
large number. It would almost seem to be exceptional for them 
to be absent. 

On turning to the various indices the most noticeable feature 
is the smallness of the cranial capacity. With one exception (No. 
1214) they are all microcephalic; No. 1219, a female skull, has the 
exceedingly small capacity of 970 c.c. This is the smallest capacity 
of any skull in the Museum, and represents a brain-weight of 
843 grammes. 

Cephalic iridex. Six out of the eight skulls are dolichocephalic, 
with indices varying from 74*4 to 69. They belong indiscriminately 
to the low and high castes. Of the other two skulls, one has a 
high index of 83*6, and the second a slightly lower index of 79*9. 
The former skull was that of a Mussulman, the latter belonged to a 
low caste Hindoo female. 

Height index. There is a good deal of variation among these 
skulls with regard to this index. The highest index is 83*3, and 
the lowest Tl*5. Broadly speaking, they may be described as 
metriocephalic. There does not seem to be any difiFerence in ac- 
cordance with caste. 

Gnathic index. They are all orthognathous with the exception 
of 1219, which has an index of 101*7. Here again there does not 
seem to be any caste difiFerence. 

The nasal index is of interest owing to Risley's suggestion 
that the high castes have a leptorhine and the low caste a platyrhine 
nose. These skulls do not accord with this view ; but at the same 
time it must be remembered that while I am dealing with a very few 
skulls, Risley made his deduction from an enormous number of 
observations on the living. It may be as well, however, to put 
down the nasal indices in order from lowest to highest and see 
how far they agree or disagree with Risley s results : 
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41*6 . . .index of Low caste Hindoo 

43'4 Mussulman 

48*4 High caste Hindoo (Kayasth caste) 

50 

50 Low caste Hindoo 

53-1 

53-5 

56*8 Mussulman. 

As these indices show, the high castes have, here at any rate, 
not leptorhine, but mesorhine noses, while of the low castes, two are 
platyrhine, one mesorhine and one very leptorhine. Li fact the 
skulls do not seem to show Risley's caste differentiation of nose 
at all. 

The faces of all are long and narrow, some more so than others. 
In no case does Kollmann's Upper Facial index fall below 49*4, 
while in one skull it rises to 58*8. The longest faces are to be 
found in the Kayasth caste, that is to say, high caste Hindoos. 
Risley found the same thing among the Uving. 

As regards the Palatal mdex, all these skulls are brachyuranic 
with the exception of No. 1219, which is mesuranic, with an index 
of 111*2 : the latter index is that of a low caste Hindoo female. 

The Naso-Malar indices are at variance with the results of 
Risley. According to Risley, the high castes should be prosopic, 
the low mesopic or nearly platyopic ; neither of the two high caste 
crania however, that I have examined, are prosopic; in fact the 
only prosopic face in the whole series is that of a low caste 
Hindoo (No. 1214). . Of the three other low caste crania, two are 
mesopic and one platyopic ; but, as a whole it cannot be said that, 
in this index, these crania are in accordance with Risley's results. 

The following Tables may be of use in enabling one to appreciate 
at a glance the differences of the various skulls. They are arranged 
in accordance with their caste : 
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TABLE II. MEASUREMENTS. 
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Monday, 13 May, 1895. 
Professor J. J. Thomson, President, in the Chair. 

The following Communications were made to the Society : 

(1) Exhibition of some recent Photographs of the Moon. By 
H. F. Nbwall, M.A., Trinity College. 

The following photographs were exhibited, (i) a print by Dr 
Weinek from an original negative taken by MM. Loewy and 
Puiseux with the coude equatorial of the Paris Observatory; 
(ii) an enlargement made by Dr Weinek from the same negative, 
showing the crater Linn^ and the surrounding region ; (iii) a trans- 
parent enlargement from the same negative, sent from the Paris 
Observatory, of the region near Archimedes, on such scale that the 
diameter of the Moon would be 3*9 metres; (iv) some direct 
enlargements made by Mr Newall with a camera attached to the 
25-inch visual refractor of the Cambridge Observatory. 

(2) On the 'Volume Heat' of Aniline. By E. H. Griffiths, 
M.A., Sidney Sussex College. 

We know little as to the influence of temperature upon the 
specific heat of bodies. It is true that books of reference occa- 
sionally give (to four significant figures) the values of the specific 
heat of mercury over the temperature range 0° to 100° C, as well 
as a large number of imposing formulae by means of which the 
specific heat of various metals at any temperature may be calcu- 
lated by the student to as many " significant" figures as he pleases. 
The accuracy is, however, more apparent than real. Observers 
have been so dependent on the method of mixtures or some other 
mode of comparison with water that our present values are almost 
entirely relative and depend upon the experiments of Regnault. 

It is generally assumed that our knowledge of the changes in 
the capacity for heat of water is sufficiently exact, but I think that 
this assumption is untenable. The evidence of recent observers 
(for example Rowland, Bartoli and Stracciati, Joly, and Griffiths), 
is in direct conflict with Regnault over ranges of temperature 
below 34°, and I have now in the press an account of some 
experiments which lead to the conclusion that Regnault's values 
at nigher temperatures are also inexact. 

True, that determinations made by methods similar to those 
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employed by Bunsen are less affected by changes in the capacity 
for heat of water, but, on the other hand, they involve some 
assumption as to the ratio of the " mean thermal unit " to the 
thermal unit at other temperatures. 

While these doubts exist regarding the standard, the data 
obtained by the comparison of other bodies with that standard 
are of little absolute value. 

In the Philosophical Magazine for January, 1895, 1 have given 
an account of some observations on the specific heat of aniline 
over the temperature range 15"* to 52° C. To whatever objections 
the method there described may be open, it is certain that the 
values there given are independent of any assumption as to the 
capacity for heat of water. The following facts may, therefore, 
be of some interest. 

During last autumn Mr C. Green, of Sidney Sussex College, 
was so kind as to make for me a series of determinations on the 
density of aniline over the above temperature range. The instru- 
ment used was Sprengel's Pyknometer. I can from personal 
observation answer for the care with which the observations were 
made. The expansion of the glass was determined by a series of 
preliminary experiments, and three independent sets of determi- 
nations gave the following values for the density of Aniline. 

Table I. 



Temperature 


Density 


Mean 


o 

15 
20 
30 
40 
50 


1-0259, 1-0251, 1-0260 
1-0218 

1-0130, 1-0129, 1-0130 

1-0042, 1-0042, 1-0043 

-9955, -9955, -9956 


1-0257 
1-0218 
1-0130 
10042 
•9955 



One determination only was made at 20°. 

If we multiply the capacity for heat at different temperatures 
by the density at those temperatures, we get the capacity for heat 
of equal volumes, a quantity which I propose to distinguish by the 
term " volume heat." 

In the following table, col. ii (extracted from page 77 of the 
paper above referred to) gives the values of the specific heat {S^ 
of Aniline at temperatures 6^. 

Column III gives the density (d^) at the same temperature as 
determined by Mr Green. 

Column IV gives the " volume heat." 
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Table II. 



I 


II 


HI 


IV 


»1 


Si 


di 


S^xd, 


15 


•5137 


1-0257 


•5269 


20 


•5156 


1-0218 


•5269 


30 


•5198 


10130 


•5267 


40 


•5244 


1 0042 


•5267 


50 


•5294 


•9955 


•5270 



It would thus appear that the " volume heat " of aniline over 
the above range is practically constant. 

Of course it would be useless to found any hypothesis on an 
isolated fact of this kind, and (for the reasons above given) I know 
of no other body to which the enquiry can, at present, be extended. 

Where our knowledge is so small, however, even a solitary 
example may be of use as indicating the direction in which inves- 
tigation may be profitable. 



(3) Exhibition of Goldstein's Experiments on Kathode Rays. 
By J. W. Capstick, M.A., Fellow of Trinity College. 

Mr Capstick shewed Goldstein's experiments on the effect of 
a stream of kathode ray« on salts of the alkalies. When the rays 
are directed on potassium chloride, for instance, the salt becomes 
of a heliotrope colour and retains the colour for several days if 
kept out of contact with moisture. The effect appears to be due 
to a chemical change in the substance — probably the formation of 
a subchloride — but the layer of altered salt is so exceedingly thin 
that it is difficult to get unequivocal chemical evidence as to its 
nature. 



(4) On a curious Dynamiical Property of Celts. By G. T. 
Walkeb, M.A., Fellow of Trinity College. 

Mr G. T. Walker exhibited celts which possessed the property 
of spinning in only one direction upon a horizontal surface. He 
pointed out that the peculiarity was due to the fact that the 
direction of the line of least curvature at the point of contact did 
not exactly coincide with that of either of the axes of djmamical 
symmetry, and exhibited a dynamical top in which this deviation 
from parallelism could have any value assigned to it. 

VOL. Vlll. PT. V. 23 
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Such a top displayed the characteristic properties of a celt, 
and a deviation ot 15' displayed itself in the motion: with a 
deviation of 6* each direction of rotation was unstable for either 
longitudinal or transverse oscillations and an angular velocity 
imparted was reversed three times before motion ceased. Several 
other peculiarities of the top were likewise pointed out. 



(5) On the Formation of Cloud in the Absence of DvM. By 
0. T. R Wilson, B.A., Sidney Sussex College. 

The cloud-formation is brought about as in the experiments 
of Aitken and others by the sudden expansion of saturated air. 
A form of apparatus is used in which a veiy sudden and perfectly 
definite increase in volume is produced, and in which all danger of 
the entrance of dust fi'om the outside is avoided. If we start with 
ordinary air, after a small number of expansions to remove dust 
particles by causing condensation to take place upon them, it is 
found that the expansion has now to be pushed to a certain definite 
limit in order that condensation may take place. With expansion 
greater than this critical amount (working with a constant initial 
temperature) there is invariably a cloud produced, and none with 
less expansion. 

Some preliminary experiments have given the following results. 
~ s= 1*268, when initial temperature = 16°7C. 

Here -* is the ratio of the final to the initial volume, when 

?i 
condensation just takes place. 

This corresponds to a fall of temperature of about 26°C., and to 
a vapour pressure about 4*5 times the saturation pressure. 

In order that water drops should be in equilibrium with this 
degree of supersaturation their radii must be equal to about 
8*3 X 10"^ cm., assuming the surface tension for such small drops 
to have its ordinary value. 



I 
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Monday, 27 May, 1895. 

Professor J. J. Thomson President, in the Chair. 

The following Communications were made to the Society : 

(1) On Oraphical Methods in Oeometrical Optics. By J. 
Larmob, M.A., St John's College. 

1. The fundamental problem of geometrical optics relates to 
the modification produced in a filament of light on passing across 
a series of different media. From the geometrical standpoint 
the filament is made up of a narrow pencil of rays, which are 
straight when the medium is homogeneous : and it may be con- 
sidered as defined by the focal lines of the pencil. The direct 
analj^ical method therefore hinges on the determination of these 
focal lines, after each refiraction, fi'om their already known positions 
before refraction : but the formulae, even for a single refraction, 
are complicated, and, when there is a question of combining a 
number of successive refractions, almost prohibitive. In such 
circumstances however, as in other physical questions where we 
have to do with linear relations, the use of graphic methods will 
be found to lead to results of intrinsic simplicity, and thus give 
direct insight into the general relations of the subject. 

2. Uniplanar System. In the sketch here to be given of a 
geometrical method of treatment, it will be convenient to begin 
with the simple case of a narrow pencil of rays in one plane, and 
having therefore only one focus: that is, the optical system will at 
first be a columnar or cylindrical one. 

Since a single focus now always corresponds to a single focus as 
image to object, and, the pencil being narrow, all its rays may 
be token to a sufficient approximation as passing exactly through 
the focus, the elementary geometrical theory of Mobius and 
Maxwell may be applied to the filament. Thus we may determine 
on its axes at incidence and emergence a pair of principal points, 
and a pair of principal foci, and we may construct by aid of 
them the focus conjugate to any other assigned one \ 

In this way, or by the more usual anal)rtical processes, we see 
that conjugate foci are connected by a linear relation, as might 
have been expected d priori. Now let us draw the axis of 
the filament as incident on the optical system, and its axis as 
emergent from it. Conjugate foci on these two axes are homo- 
graphically related ; therefore the line connecting any pair of them 
envelopes a conic section which also has contact with the axes 
themselves. Suppose, by experiment or otherwise, that three pairs 
of conjugate foci have been determined: it will be possible to 

» Of. Proc. Lond. Math. Soe., xx., 1889, p. 182. 

23—2 
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deduce all other pairs by linear construction without any knowledge 
of the internal constitution of the optical system. Tt has in fact 
been shown by Pascal how, given five points on a conic section, 
the other point in which any line through one of them meets 
it again may be determined by linear construction ; and the 
conjugate or polar theorem, known as Brianchon's, solves the 
present problem. The lines connecting the three given pairs 
of conjugate foci, and the two axes of the pencil, form five tangents; 
and, simply by drawing three lines, the other tangent through any 
point on one of the axes is constructed, and this meets the other 
axis in the conjugate focus. 

3. There is an important case in which this general construc- 
tion reduces to a very simple form. Suppose the problem relates 
to refraction of the filament of light at a single interface ; or to 
passs^e across an optical system whose total thickness can be 
neglected in comparison with the focal distances of the pencil, for 
example, eccentric refraction across a thin lens, or across a thin 
plate of a medium with any kind of curvatures in its two faces. 
The incident and emergent axes meet on this plate, and if the 
incident focus is at their point of interaection, the conjugate one is 
obviously the same point. Thus the two axes of the pencil touch 
the conic at the same point ; therefore the conic must be a finite 
line, and all tangents to it pass through one of its extremities. 
The line connecting conjugate foci in all such ca^es therefore passes 
through a fixed point. 

4. Single Refraction in Primary Plane, The position of this 
point is determined if the positions of two pairs of conjugate foci 
are known. 

For the case of a single refraction at a curved surface (including 
of course reflexion) it is desirable to specify precisely its position, 
as this case is fundamental in the ordinary analytical theory. 
Now for a spherical interface there are always two exactly 



aplanatic points on each radius: the equation of the spherical 
surface can in fact be thrown into the form ri — /itr, = 0, the origins 
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from which Vi and ra are measured being inverse points with 
respect to it. 

Let then UiA U^ be the path of the central ray of an optical 
filament refracted at ii, at a spherical interface whose centre of 
curvature is C. 

We can find the aplanatic points ii, L^ on the path of the 
filament by inflecting the line GL^ to make the angle at L^ equal 
to the angle of refraction ^. These points will be exact conjugate 
foci, no matter how wide the optical beam may be. The easiest 
construction for these points is to bisect by CL^ the angle between 
the radii GA^ and GA^ drawn to the points in which the axes of 
the filament again meet the spherical surface. 

As above, the point A is its own exact conjugate focus ; for any 
pencil diverging from the point A continues to do so after re- 
fraction. 

Further, we can find another pair of conjugate foci, not in 
this case exact, by constructing a beam such that the angles of 
incidence and refraction are the same for consecutive rays. For if 
the ray incident at B is to have the same angle of refraction as the 
ray incident at il, the circle drawn through C, A, B must meet the 
refracted ray A U^ in the point where tnat ray intersects the ray 
refracted from B. Hence, passing to the limit when B ultimately 
coincides with A, the points in which the circle on AG as diameter 
meets an incident and refructed ray are conjugate foci ; and the 
beam from one of these points diverges from the other, after re- 
fraction, — at the same angle, since the deviation of each ray is the 
same. This pair of conjugate foci are M^ M^, the middle points of 
the intercepts made by the spherical surface on the paths of the 
central ray ; and it is noticeable that they are conjugate foci 
whatever value the index of refraction may have. 

As then A is its own conjugate, and the relation between 
conjugate foci is homographic, the line joining any pair of conju- 
gates must pass through a fixed point. This is the point in 
which the line connecting Mi and M^ meets GLi, which is the 
perpendicular drawn to it from G. The march of conjugate foci 
in the primary plane is now open to inspection. 

The primary focal lengths AFi, AF^ of the refracting surface 
for a pencil incident along the given direction UxA are the inter- 
cepts made on each of tne lines AU ly AU^ by vectors from 
parallel to the other one. 

The construction thus obtained for the primary focus after 
oblique refraction has, I find, been already stated without proof by 
Thomas Young \ " It approaches the nearest to Maclaurin's 
construction *, but is far more convenient." 

1 "On the Mechanism of the Eye," Phil, Trans,, 1801. 
^ Treatise on Fluxions^ § 418. 
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The following construction, ascribed to Newton, is given by 
Barrow, in his Lectiones Opticae\ and is no doubt the earliest 
solution of the problem : 

Draw AR at right angles to the incident ray meeting CPi in 
jR, Pi being the incident focus ; and draw AQ perpendicular to 
the refracted ray on the side towards C, such that 

AQ : AR^AAi : AA^; 

then the primary focus conjugate to Pi lies on CQ, 

5. As a corollary we have a construction for the centre of 
curvature at any point P of a Cartesian oval of which S and H are 
foci. Draw any circle, centre 0, touching the oval at P and 
meeting PS, PH in L, M; find the point R in which the line 
joining the middle points of these chords meets the bisector of the 
angle LOM; let SH meet PR in X ; draw XF parallel to LM 
meeting PS in F, and draw FG perpendicular to PS meeting the 
normal in C, which is the centre of curvature required 

When the oval degenerates into a conic section, this becomes 
a well-known construction : from G the foot of the normal draw 
GF perpendicular to it, meeting PS in F, and draw FG perpen- 
dicular to PS meeting the normal in G, which is the centre of 
curvature required. 

6. Surface of Dovble Gurvature: principal incidence. The 
relation between the positions of conjugate foci in the secondary 
plane is of the same kind as above ; they are in a line through G. 

These results may be at once extended to the case of any beam 
incident in a plane of principal curvature of a non-spherical surface, 
provided the focal lines of the beam are in and at right angles to 
this plane. The relation between the conjugate primary foci is 
given by the above construction by aid of the circle of curvature 
m the plane of incidence ; while the line joining conjugate 
secondary foci always passes through the centre of the circle of 
curvature in the perpendicular plane. 

7. General ca^e of single interface. The solution of the 
problem of the determination of the form of a general pencil 
after refraction at an interface of double curvature had been 
achieved long ago by Malus ; but until Maxwell's adaptation * of 
the Hamiltonian method of the characteristic function of the pencil, 
the theory remained too lengthy and complicated to be of service in 
optical applications. It is now well known, after Maxwell, that if 
the rays of the incident pencil are normals to the surface 

' 2A, 25i Ci ^'"-^> 

^ See also Newton's Optical Lectures, read in 1669, published poBthumoosly in 
1728. 

« MaxweU, Proc. Land. Math. 8oc., iv. 1872 ; vi. 1874. 
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and those of the refracted pencil normals to the saiface 

the origin being on the interface, the axis of z along the axis of 
the corresponding pencil and the axis of x in the plane of refraction, 
then Ai is connected with A^ and Bi with B^ by equations of the 
same form as in the special case of § 6, while Ci is connected with 
C3 by a similar equation. If lengths equal to Ai and ^t-are laid 
off along the axes of the pencil, the line connecting their extremi- 
ties passes through a fixed point ; a similar statement applies to 
the other two pairs of points, and the coordinates of the three fixed 
points thus obtained have been given by Maxwell. The graphical 
solution may now be completed by assigning geometncal con- 
structions for them. The fixed point connected with Ai and A^ is 
determined by Young's construction (§ 4) in which the circle is 
the circle of curvature of the section of the interface by the plane 
of refraction. The fixed point connected with Bi and B^ is the 
centre of curvature of the normal section perpendicular to the 
plane of refraction. 

The connexion between Oj and C^ is^ through the equation 

cot ^ cot ^s _ cot <^ — cot if>2 
Ci C2 8 ' 

vrhere <^ and ^2 are the angles of incidence and refraction, and 8~^ 
is the coefficient of the product term in the equation of the inter- 
face. Thus, when Ci is infinite, (7, is equal to 

S sin 01 cos ^/sin (^ — ^) ; 

and when C^ is infinite, C^ is equal to 

— flf cos ^ sin 0^sin (^i — 0a), 

Hence, draw round the point of incidence a circle of radius 8, 
in the plane of incidence : from the point where each axis meets it 
draw a perpendicular to the normal at the interface, and from its 
foot a parallel to the other axis of the pencil : these parallels meet 
in the fixed point required, which is in fact also on the line connect- 
ing the points in which the two axes meet the circle. 

8. Any system of negligible thickness. It follows (§ 3) from 
the elements of the theory of perspective, that when a general 
pencil crosses any optical system whose thickness is negligible, the 
refracted pencil may still be deduced from the incident one by the 
construction of § 7 ; except that the fixed points must now be 
determined either once for all experimentally, or else by a succes- 
sion of linear constructions, one for each refraction. 

* MaxweU, Proc, Lond, Math, 80c., iv. 1872 ; vi. 1874. 



812 Ur t/. Larmor, On Oraphical Methods [May 27, 

A construction of this kind enables us with great facility to 
trace the course of the refraction as the incident focal lines 
gradually alter their positions. For example, we see that there is 
always one and only one position of the focus for an incident 
stigmatic pencil, along a given axis, such that the refracted pencil 
is also stigmatic ; a proposition which is obviously of importance 
in a general theory of pnotographic combinations of lenses. 

9. OeneraZ Problem. When the thickness of the optical 
system across which the filament of light passes is not negligible, 
the graphical treatment is not so simple. It has however been 
shown ^ that the optical effect of such a system may be precisely 
imitated by the effect on a straight filament of two definite thin 
astigmatic lensas mounted on the same axis at a definite distance 
apart; and the relations of this simple system can be represented 
in a graphical manner by aid of the constructions above. It will 
be more convenient however to combine deviation with the 
convergence produced by the lenses, so that the axes of incident 
and emergent pencils may not be identical. The constants of 
the filament after refraction through the first thin lens may now 
be graphically constructed by aid of three fixed points; then they 
must be transformed to a new origin at the second lens ; and finally 
by another linear construction the constants of the emergent 
filament may be obtained. 

The complexity inherent in the treatment of optical systems of 
sensible thickness arises solely from the trouble involved in trans- 
ferring the analytical constants of the filament of light from one 
point to another of its axis as origin. This operation can be done 
graphically just as well as analytically, or better : but the process is 
necessarily clumsy. Probably the best available construction for 
this purpose is the one indicated by Maxwell \ 

[10. The development of the construction by Pascal's hexagram 
in § 2 places the theory in a very simple light. The problem under 
consideration is that of the conjugate focus in two-dimensional or 
cylindrical optical systems ; or of the conjugate primary focal line 
in systems which have a plane of symmetry, or which possess the 
(for this purpose) equivalent property that the focal lines of all 
pencils which are stigmatic at incidence have common directions. 
We are supposed to know from observation the positions of three 
pairs of conjugate points, on the straight axes of the pencil in the 
uniform media at the two ends of the optical system. Let the 
three incident foci be marked off on any line at their proper 
distances apart, say A^, B^, Gii and let -^a, 5a, (7a represent their 
conjugates marked off at their proper mutual distances on any 

^ Proc. Lond, Math, Soc, xxm. 1892, p. 172. 
* loc, eit. 



1895.] in Oeametrical Optics. 313 

other line. The problem is to find pairs of points on the two lines 
which are in homography with these pairs. The graphical solution 
is to regard the three lines AiA^, JffA, 0^0^, the two given lines 
AiBiCi and A^B^Ct, and the unknown line through Di, arranged in 
any order, as the sides of a hexagram, when the lines connecting 
opposite comers will meet in a point We might then find the 
elongation corresponding to the conjugate points Di and Dj, by 
determining the conjugate E^ of a point Ei very near to Di, and 
taking the limit of the ratio D^E^ to A^i« And then the transverse 
magnification will be derived from the theorem, which might be 
convenieDtly named after Maxwell, that the elongation of any 
finite segment on the axis is equal to the ratio of the extreme 
indices multiplied by the product of the transverse magnifications 
corresponding to its two ends. 

But there is a much simpler course open. Let the given 
foci be laid off so that a pair of them coincide at the point 
of intersection of the lines : then the lines connecting all 
other pairs will pass through a fixed point, which is at once 
determined. The principal foci will be obtained by drawing 
parallels to each of these lines through the fixed point ; and the 
product of the principal focal lengths will be equal to the product 
of the distances of any pair of conjugate foci from the respective 
principal focL As the ratio of the focal lengths is that of the 
extreme indices, their values, involving the positions of the 
Gaussian principal points, are known except as to sign. Whether 
the positive or negative sign is to be taken, requires the further 
knowledge of whether the image of some one object is erect or 
inverted ; there being always two optical systems, with equal and 
opposite focal lengths, that give the same relation of conjugate foci 
along the axes. The cardinal points being thus determined, 
everything else follows as usual.] 



(2) Note on the Steady Motion of a Viscous Incompressible 
Fluid, By J. Brill, M.A., St John's College. 

1. My object in the present communication is to obtain the 
analogues for the viscous fluid of certain well-known theorems 
relating to the perfect fluid. I suppose the fluid to be homo- 
geneous and incompressible, and the motion to be steady; and 
proceed first to consider the case of two-dimensional motion. If 
we write 

r 
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the equations of motion may be put into the form 

a* dy 



^+^= '-g 



(1); 



in addition to which we have 



3w 9» _^ 

3a? dy ' 

dx dy 



Equations (1) may be written in the form 



(2). 



If we write 



(»- 



8 log g 

dx 



) dy- (t; - i^ ^-^ (fo?= mdx, 



and therefore 



3 log f 3y 

3y 3a? 



(3). 



then equations (2) become 

Eliminating <}> from these we obtain 

9(wg, X )_A 



(4). 



or 



2mC=/(x) (5)- 

Multiplying the first of equations (4) by da?, and the second by 
dy, and adding, we have 
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from which by integration we obtain 

^+F + ig' + -P(x) = const (6), 

where ^(x)=J/(x)^X- 

We also have, from equations (3), 

Also, from equations (3), combined with the equation of con- 
tinuity, we obtain 

which may be written in the form 

|^^ + " {Vlog/(x)- VMogm} = (8). 

The motion is therefore given by the three equations (6), (7), 
(8). These equations however fail to give a minimum theorem, 
except of a very restricted kind. 

2. The particular case in which the vorticity is so distributed 
that we have 

v»iogr=o, 

is worthy of note. In this case we have m a function of j(^, and the 
equations reduce to the same form as they assume in the case of 
the perfect fluid, viz. 

r 

We also have 

2?=//(x)- 

In the general case of the preceding article, if we write down 
the variation of the expression 



//' 



and transform it according to the usual method, then equations (7) 
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and (8) will cause the bulk of the terms uader the integral sign 
to vaaifib. If we seek to determine the condltioD that the re- 
mainder may vanish also, we find either that m is a function of ;^, 
which leads to the case we have just considered, or that the form 
of the stream-lines is not to be varied. 

In connection with the above special case, it is interesting to 
note the case in which, the motion not being steady, the vortidi; 
is distributed so as to obey the law 

This equation may be written in the form 



^ 





'h-'^-m^m-' 


mbiniog 


t with the equation 




|-i-^='-^ 


ire 


»l-i=i{(i)^(|)}. 


(» 


-'-^rM'-tn-"- 


opting th 


same notation as before, we have 









or £^ a function of \ and t, so that at any instant ^ is constant along 
any of the curves \ = const., as in the above special case of steady 
motion. 

3. We now pass on to discuss the case of steady motion sym- 
metrical abiiub an asis. In this case the equations of moUoo 
assume the form 




'i- 


2F. + 2.»^.0, 


^ + 2Uo>- 


-H^*-r 


to these we have 




f* 


-M^- 






-'^-- 



..(9). 
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Equations (9) may be written in the form 

g + 2a,(ir-.llogr«) = 0j 

If we write 

[ J7 — 1/ ^ log rtoj d-e: — f F— 1/ — log ra^j dr = rndx* 

and therefore 

^ t, ^ <">• 

K — i/^ log r© = — m r« 
then equations (10) may be written in the form 

%^, S ^ <'^^ 

Eliminating ^ from equations (12) we obtain 

8(ma>, x) r. 

or 2ma>=/(x) (13). 

Multiplying the first of equations (12) by dr, and the second 
by dz, and adding, we have 

from which by integration we readily deduce 

-+F+i9* + -F(x) = const (14), 

H 

where F (x) = jf(x) ^X- 



Also from equations (11) we readily obtain 



or m 



»(-|f)^»|(„g)./W-« (15^ 



] 



t.e. 
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We also have, finom the flame equations combined with the 
equation of continuity. 

This hist equation may be written 

but since V" log r = 0, 

it reduces to the form 

3(r, z) 
^-^^+^ {V'log/Cx)- V logm} = (16). 

The motion is therefore given by equations (14), (15), (16). 

4. For the special case of motion symmetrical about an axis 
in which the vorticity is distributed according to the law 

VMogoi = 0, 

we have mr a function of ;^ and (14) and (15) reduce to the 
forms 

- + '^^ 4?" +/i (X) = const, 

or the theorem takes the same form as in the case of the perfect 
fluid. We have also 2fi> = rfi (%). 

We will now consider the case in which, the motion not being 
steady, the vorticity is distributed according to the law expressed 
by the equation 

81oga> /3' 1 a . a*\ , 

This equation may be written in the form 

at \dr' r dr csr) © (\9r/ \oz ) ) 
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and, combining it with the equation 



dt dr dz r 



(9*0) 1 doD VfO fo\ 



we obtain 



or 



%.e. 



i(J)jr-,|>„g44(^)|r-.|,ogU.«. 



Adopting the same notation as before, the above equation 
becomes 



(^^) 



= 0. 



9(n z) 

Thus we have (u/r a function of x ^^^ ^> being therefore at any 
instant constant along any of the curves x = const., as in the above 
special case of steady motion. 

5. In the three-dimensional case, the equations of motion 
may be written in the form 



>-. 



g.2(.f-^) + 2„g-|)=0 



■an 



In addition to these we have 



du dv dw ^ 
ex oy oz 

Suppose that we seek to determine three quantities Z, m, n 
such that 



i|* + ^|* + „^ = (18X 



dx 



dy 



dz 
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To do this we shall have to satisfy the equation 

+ ,|^_^ + ,^_DJ.O (1!,). 

Now consider the congruence of curves given by the differential 
equations 

dx ^dy ^de 

T m ~ n * 

Let X and /i be the parameters of two families of surfaces 
belonging to this congruence. Then we have 

3(y, ^)' 9 (-2^, «) ' d{x, y)' 

Substituting these values for Z, m, n in equation (18) we have 

or ^ a function of X and /i. We may write this result in the form 

^+f(\ /i) = const, 

or -H-'^ + iS^+ZC^ /*) = const. 

r 

Now equation (19) gives only one relation between the quan- 
tities I, m, ?i, and we are therefore at liberty to assume another. 
We see that the equation will be satisfied if we assume 2, m, n to 
be connected by the two equations 

l(w7f — vf ) + m (u^ — wf) + n (vf — urf) = 0, 

\dy dz) \dz dx) \dx dyj 
Thus the congruence of curves given by the differential equations 

dx 

«-»e(S-g)-«--)(f-i) 

^ dy 

'«-«')(|-S)-<«^-«o(£-|) 

dz 

°<--<)(a^-af)-«-«e(0-a)" 
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is such that any one of the surfaces belonging to the family 
<[> = const., may be considered as the locus of a singly infinite 
series of the curves constituting the congruence. 

It is clear that there are an indefinite number of congruences 
satisfying this condition. Another would be that given by the 
differential equations 

dx 

_ dy 

(<-''D(''f-''|)-H-''l)h-''^) 

dz 

Suppose that I, m, n and I', m, n' refer to two distinct con- 
gruences of this type, then 

OX ay dz 

and l'^l + rn'^l + n'^^^0. 

OX ay oz 

Therefore 

d^ d<f> ' dff) 

dx dy dz , 

; } = li y A = ^ } y = A say ; 
mn — mn nl —nl Im — Im 

from which it readily follows that 

d^ + A {r {mdz — ndy) + m' (ndx — Idz) 

+ n'(%-m(i»)} = (20). 

Now md^-ndy = ifc j|4M^^-|7-—.^yl 

^ \d(z, x) d(x, y) '') 
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and similarly ndx -Idz^ k(^ ^ "" S~ ^^) ' 

and Zdy- mdx=:k(J-dK--^dfi) . 

Thus equation (20) becomes 

Comparing this with the equation 

and M(r?^ + m'|^+»'^) = -|^. 

\ OX ay oz) ofi 

An expression for h can be readily calculated in the case of any 
particular pair of congruences. The quantity A; is to a certain 
extent analogous to the quantity m of the preceding investigations. 
In addition to the above equations we have 

d (k, X, fi) _ dl dm dn 

d {Xy y, z) dx dy dz * 



(3) On a certain automorphic function. By Mr H. F. Baker, 
Fellow of St John's College. 

On an infinite plane, and lying entirely in the finite part of the 
plane, are drawn 2p circles, each outside all the others. They are 
divided into p pairs of associated circles, 0/, 0< denoting a pair. 
The limiting points of the pair C/, Ci being represented, by 
complex variables in the ordinary way, by the symbols Ai, Bi, the 
transformation 

i'-B, _ J^Bj 

connects the complex variable of a point f, on Ci, with the complex 
variable f of a point on C^. We suppose Ai within 0/ and Bi 
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within Ci ; then /a{ is a real quantity less than unity. This trans- 
formation may also be written in the form 

where ( Oi, /8< ) 

= ( (Bi^-^ - Aimi)/(Bi - Ail - AiBi (fH-^ - fH^ViBi - Ai) ) 

so that OiSi — j8t7t = 1. The sign of /^* is immaterial so far as the 
transformation 3i is concerned ; but it is of importance when we 
define functions in terms of the quantities a^, )8{, yi, S{. Hence we 
define /i<* = (— )**~^ I /^* I > ^ being or 1, and at our disposal. 

By successive application of the p fundamental transformations, 
and their inverses, we obtain a group of substitutions. We may 
use ^{ to denote the general substitution of the group, and write 
Si =S^i(f). The p fundamental substitutions maybe distinguished 
by the suffix n. Then Sr< is a product of positive and negative 
powers of the p fundamental substitutions ^n- An automorphic 
function of ^, in the narrowest sense, is a function which is 
unaltered when ^ is replaced by any of the transformations ^{. 
In a more general sense, we consider also, under that name, 
fanctions which are multiplied by a definite factor when f is re- 
placed by fi. Of such, a function of great importance is that given 
by the definition 

wherein the product extends to every substitution of the group 
except the identical substitution and the substitutions which are 
inverse to others occurring. 

This function is infinite only at the place f = x . It vanishes 
at f = 7 and at all the places S^i (7). The function has an essential 
singularity at the singular points of the group. Except for the 
places named the function is everywhere finite and different from 
zero. 

Further the function has the property expressed by the equation 

wherein S^» is one of the p fundamental substitutions, Vn^* y is one 
o{p every- where-finite functions of definite character, t«» is one of 

24—2 
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p constants, whose value is defined precisely by a barrier curve 
drawn to connect the circles C^, Cn, and gn is or 1 according to 
the way in which this barrier is drawn. The product 

is independent of the form of this barrier ; the quantities 

are independent of An. 

The product which defines the function E (f, 7) is known to be 
convergent when the circles are suitably situated. More precisely 
the circles of any pair, C^y C^, must be sufficiently small, or their 
limiting points must be sufficiently distant. Under the same con- 
ditions the series 

wherein the summation refers to every substitution of the group, 
is convergent. The object of this note is to prove that its value is 
given by 

wherein 8 (1^) is Riemann's 8 series defined by 

^ /^\ -- 22 ^ ^ ^ S^** («,n,+...+«^np+w(T„n,»+...+*M«»i««+-), 



»= -00 



There are clearly 2^ functions X (f, m), according to the signs 
chosen for 

The function \{^y m) is immediately seen, in the ordinary 
way, to satisfy the equations 

^ (?n, rn) = (7n? + 8n) X (?, m), 

The function \ (^, m) vanishes at ^= 00 , and at j) other places 
outside the 2p circles Cn, On. We shall denote these by 

nil, f^hy •••> ^p* 

The function is infinite at m and at all the places ^<(m). If 
the space outside the circles be denoted by S, the function is 
infinite, within the space ^t'(^), at the place which is the analogue 
of m within that space, and is zero at the p places 
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These results are obvious by inspection, and the ordinary Riemann 
process of considering the contour integral 



L.Jxa m)dr. 



2in 

Denoting now by v one of the p every-where-finite functions, 
the quotient 

(i) is automorphic, since the factor [\(fti, ^)/^(?> ^)? is the 
same as d^/d^n ; 

(ii) vanishes, within the space S, to the second order at the 
p zeros, mi, ..., nip, of \(f, m); 

(iii) is infinite, within the space /S, at f = m (which we suppose 
within 8), to the second order, and at the zeros of -ry, which are 
known to be 2p — 2 in number. Denote these zeros by 

5i> •••> bap— a» 

Hence, by Abel's theorem, denoting by wij* the repetition of the 
place nil, the places mi*, m^, ..., my' are coresidual with the places 

^ t ?i> •••> bap— a» 

Consider next, within the space 8, the function 

\(Sm)^(?, m). 

By the properties already enunciated this function has no poles : 
and has zeros at mi, ... , nip. It satisfies the equation 

X(?, ni)E{^, m) 
It is known that, corresponding to any place m, p places 

w-i , • • • } np 
can be chosen, such that the function 

has f = ^1, ..., ^p for its zeros. The places Wi, ..., Up are definite ; 
they are such that Wi*, . . . , Tip* are coresidual with 

^1 bi> •••> bap— a» 

Hence there is an equation of the form 
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where T{, i ... , T{, ^ are the, definite, periods of Vi, and 

A7|, •••! wp) A»i| •••} A»p 

are rational integers ; the valaes of these integers are quite definite 
when the barriers, spoken of, are drawn. 

Hence the function 

has no poles, and no zeros, and, by the properties of the B function, 
is such that 

Thus the square o{F(^) is a constant ; thus jf (f ) is a constant, 
and 

where iTi, ..., Kp are unknown rational integers; and 
X(5; m)JF(?, m) 

where A is independent of f. 

By taking f round the circle (?«. and considering the factors of 
the two sides, we can infer that \n is even, = 2Ln say ; and can 
then write 

X(?, m)E(^, m) 

where ii, ..., ip are integers depending on m and h^ ..., Ap, and 
A does not depend on ^. 

But, using the equation 

\(?, m) = -X(m, ?), 

we can infer that this equation is equivalent to 

where C does not depend on f or m. 

Hence, putting ? = m, using the equations 

[^(?, m)/(f-m)]f_^ = l. 
[X(f, m). (?-«»)](_„ = 1, 
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which are easy to prove, we infer 

C = 1/e (i (gi + h,)\ 
which proves the theorem as originally stated. 
For the case p = 1, putting 

we find from the definitions, 
ip/y ^\ ^-^ sin TT (v - Vq) ^ 1 -2gf^coa2'rr(v-Vo) + q'' 

Hj \Ly m) = — TTi ; 1 il 7= 5w , 

^ 2z smTTusmTTVoi^i (1 — g^)' 

- tK^ ^^^sinTTi/sinTTUo Il(l-q^y * 
where ? == | Vfi | and e^ = g, so that ^Tj = 1 ; and 

X(?. m)=^ i (l+4(-r.-« (l+fg-»i";^(v-Vo)) 
^^ ^ ?-mr«i| ^ 1 — 23»^cos27r(i;-i;o)+g^j 

where Ai = 1 or 2. 

For example when ^ = 1 
X(C, m) 

-?-m 7re(i) ^'^''^'' ""'^^ •^e(,;-Vo+i + iT)' 
and in virtue of the &ct that 

»' (i + It) =27r» 5(1 -?»<)», 

1 

these agree with the formula found in the general case. 



Reply to a Paper by Mr Bryan. By A. B. Basset, M.A., F.R.S. 

My attention has recently been drawn to a note by Mr Bryan 
on page 51 of the present volume of the Proceedings ; and I vdsh 
in the first place to state that until October 5, 1895, 1 had never 
seen the note in question, and was ignorant of its having been 
written. It was therefore impossible for me to have made any 
remarks upon this note ; and the paragraph at the end of page 53 
has consequently been inserted without my knowledge, authority 
or consent. 
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In replying to my criticisms, Mr Bryan has neglected one of 
the cardinal rules of controversy; that is, to quote your oppo- 
nent's statements correctly. The passage from his paper which 
I criticized was the foUowiug, "it does not indicate that the 
spheroid in question is secularly unstable for this particular type 
of displacement. Its meaning is that the spheroid is more oblate 
than that form for which the angular velocity is a maximum." 
And in his replv Mr Bryan has omitted the first sentence, which 
contains the pith of the whole matter. From the passage at the 
commencement of § 3 of his paper in the Proc. Roy. Soc.^, I 
understood him to mean that when a Maclaurin's spheroid is com- 
posed of viscous liquid, the steady motion mil be stable provided 

MOqi(0-tn'i0^n'(0>o (1). 

and my object was to show that this result was wrong for the 
simultaneous values of 

s = 0, w = 2. 

For a zonal displacement of degree 2, the condition (1) be- 
comes 

i>i?i-P*>0 (2), 

and the spheroid is well-known to be stable ; whereas for a certain 
value of the excentricity the above expression, as Mr Bryan has 
shown, becomes negative. Consequently if the inequality (2) 
gave the correct condition of stability, the spheroid would become 
unstable at the critical value of the excentricity which causes 
the left-hand side of (2) to vanish and become negative. Mr Bryan, 
being aware that the spheroid is stable for a spheroidal displace- 
ment, tries to get out of the difficulty to which a wrong result 
has led him by arguing, that the &ct of the left-hand side of (2) 
becoming negative does not indicate instability, but means some- 
thing totalljr different. Under these circumstances I am justified 
in characterizing his explanation as incorrect. The true explana- 
tion is that the condition in question indicates instability, but 
it is an erroneous one. The correct condition, as I have shown in 
my paper, leads to stability. 

Another misquotation occurs on p. 52. Mr Bryan states that 
I have said ''that the spheroid is secularly stable if the motion 
when slightly displaced is determined by terms of the form €<*"*"*^ ' 
where a is negative." I have said nothing of the kind. The above 
definition of secular stability is Poincar^ s and not mine. I have 
objected to it, criticized it, and have said that I consider it an 
inaccurate use of language. What I said was that when the 
disturbed motion is of this character, the system is absolutely 
stable. Mr Bryan then goes on to suggest that possibly the 

1 Vol. ZLYU., p. 869. 
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small motions of a viscous rotating mass of liquid cannot always 
be expressed by terms of this character. Perhaps not; and 
whenever this is the case the system will be ordinarily unstable, 
but nothing can be asserted with regard to its secular stability 
without further investigation. It is however possible that for 
certain types of displacement the liquid may perform finite oscilla- 
tions about the spheroidal form ; whilst for other types the liquid 
may continue to deviate further and further jfrom this form until 
it breaks up into two or more detached masses. When the dis- 
turbed motion is of the former kind, I consider that the steady 
motion may properly be termed secularly stable for these par- 
ticular types of displacement; and it is in this sense that I 
employ this phrase. When motion is secularly stable accord- 
ing to the above definition, the approximate solution which 
gives the state of things in the beginning of the disturbed 
motion will certainly not be of the form 6**+*^*, « negative ; but 
since the particular kind of disturbed motion we are considering 
is periodic, the complete solution of the equations of motion will 
necessarily be expressed by periodic terms. 

October 6, 1895. 
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